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FOREWORD 

This report  i s  an interim report  which summarizes one phase of 

reseapch that  i s  being carried out a t  Purdue University i n  the  area of 

communication theory under NASA Grant NsG-553 e 
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ABSTRACT 

A study w a s  conducted t determine the  performance of a phase lock 

loop wi th  a l i nea r  modulo 2Ha radian phase detector character is t ic .  

Several of t he  l imitat ions of the  conventAona1 phase lock loops are 

caused by the  non-linear phase detector character is t ic .  Among these 

l imitat ions the  intermodulation d is tor t ion ,  t he  acquis i t ion time and 

the  threshold of t he  phase lock loop when used as an PEJl demodulator a r e  

the  most c r i t i c a l ,  The first of these l imitat ions i s  eliminated by us- 

ing a l i nea r  phase detector w i t h  a range of 2Mg radians, %This research 

has been the  investigation and analyzing of the  e f f ec t  of t h i s  phase 

detector upon the  acquis i t ion time and $24 thresholdo 

The theore t ica l  acquis i t ion time f o r  the  high S/H case i s  deter-  

mined, presented and compared w i t h  experimental data. The low S/H ac- 

quis i t ion time i s  measured experimentally and a mathematical model 

based on regression analysis of t h i s  data i s  established, 

e FM threshold is  determined f o r  a s e t  of parameter values from 

experimental input/output S/N measurements Both random and sinusoidal 

modulation a r e  considered as w e l l  as first and second order systemso 

These a r e  compared w i t h  the  threshold of a standard phase lock loop de- 

modulator 
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It i s  concluded that two methods ex i s t  f o r  exchanging low S/H 

threshold f o r  improved high S/B threshold as w e l l  as increasing acquis i -  

t i o n  time, These are: lo increasing the  loop bandwith, 2, increasing 

t h e  l i nea r  phase error  range. 

threshold i n  the  cases considered,but increasing t h e  loop bandwidth has 

a cubic improvement upon acquis i t ion time and increasing the  phase de- 

t ec to r  range only has a quadratic improvement upon the  acquis i t ion timeo 

Therefore the  optimum system when a l l  three l imi ta t ions  a r e  important i s  

the  phase lock loop w i t h  a l inea2 2as phase detector charac te r i s t ic ,  The 

The t rade  o f f s  a r e  equivalent f o r  FSM 

loop bandwidth i s  optimized t o  provide an acceptable l eve l  of l imi ta t ion  

of t he  three performance c r i t e r i a .  
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I. hN!PROS>UCTIOM 

1 1 Problem Statement 

The Phase Lock Loop (PLL) has several  l imi ta t ions  t h a t  a r e  caused by 

the mult ipl ier  tha t  is generally used f o r  a phase detector,  

detector has a sinusoidal phase charac te r i s t ic  when the  inputs t o  it are 

sinusoids. The f i rs t  l imi ta t ion  of i n t e r e s t  i s  t h a t  t h i s  non-linearity 

within t h e  loop generates intermodulation d i s to r t ion  (ID) i n  the  loop's 

output when the  loop i s  being used f o r  FM demodulation, 

modulation index the  greater the  phase e r ro r  and hence the  greater  the  I D .  

If the  frequency of the  s igna l  t o  be demodulated i s  unknown then 

This phase 

The greater  the  

there w i l l  usually be an i n i t i a l  frequency e r ro r  between that of t he  

voltage controlled osc i l l a to r  and tha t  of t h e  signal.  In  attempting t o  

acquire lock, t he  loop phase e r ror  of ten exceeds & a  and causes a cycle 

s l i p  t o  occuro 

e r ror  t o  loop bandwidth r a t i o s  the acquis i t ion t i m e  loop bandwidth pro- 

duct may be much greater  thap one. 

acquis i t ion means less information loss when used i n  a communication 

system 

This delays the  acquis i t ion process. For la rge  frequency 

T h i s  i s  usually undesirable as faster 

Therefore it i s  desirable t o  increase the  phase e r ror  range t o  

something greater  than 2 a.  

- + Ha, it i s  shown t h a t  the  high s igna l  t o  noise r a t i o  (S/N)  acquis i t ion 

t i m e  i s  decreased and tha t  f o r  a given l eve l  of PLL output I D  and modula- 

t i o n  s p e c t m  the maximum modulation index t h a t  can be demodulated is  

If the  phase e r ro r  range i s  increased t o  
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increased over t h a t  of a PLL with sinusoidal phase detector phase charac- 

t e r i s t i c  

However it i s  not obvious what e f f ec t  t h i s  increase of t he  phase de- 

t ec to r  range b s  on the  low S/R properties of  a P U o  Therefore it i s  the  

purpose of t h i s  study t o  describe the low S/E continuous wave ( C W >  c a r r i -  

er acquis i t ion and the 3% threshold performance of a PLL with a l i nea r  
.-  

modulo 2Hn phase detector characteristfc.M i s  a system parameter t h a t  i s  

varied i n  the  research, A l inear  charac te r i s t ic  over 2Mn radians i s  

considered since it y ie lds  the least I D  for a given value of" Io 

The previous work on the  PILL has been divided i n t o  primarily three 

areas:  the  PLL as an optimum demodulator, the optimization of t he  loop 

f i l t e r ,  and the  e f fec t  of the  phase detector non-linearity,  

10201. Optimum Demodulator 

Youla [34] has derived a p a i r  of i n t eg ra l  equations which describes 

mathematically t h e  maximum a pos te r ior i  (MAP) phase demodulator, 

i n f i n i t e  observation interval ,  they are 

For t h e  

and 

where rgt) is  the received s i  

form of phase modulation, @(t 

t >  i s  the transmitted message i n  the  

estimate of @(t>, E@(%') i s  the  

autocorrelation function of @(t >, Etn("> i s  t h e  autocorrelation function 



3 

of  n ( t ) ,  t he  addi t ive gaussian noise i n  the  channel, and where the  t rans-  

mitted s ignal  i s  A Cos[cuct 9 @ ( t ) ] .  

Lindenlaub [12] has shown that the optimum demodulator equations 

can be interpreted i n  the form of a PLL with an unrealizable f i l t e r  as 

shown i n  Figure 1.1 if 

q . 1  = N O w d  

and the bandwidth of @ ( t )  i s  much l e s s  than cue. 

Figure 1.1. Optimum Demodulator as a PLL 

TO make t h i s  PLL rea l izable  it i s  necessary t o  replace the  unrealizable 

f i l t e r  w i t h  a rea l izable  one and add a post loop f i l t e r  tha t  w i l l  be un- 

rea l izable+ However it i s  only possible t o  make t h e  two systems equiva- 

l e n t  a t  high S/E l eve ls  because of t he  mult ipl ier  i n  the  loop, It i s  not 

c lear  tha t  t h e  rea l izable  version of Figure 1.1 i s  t h e  optimum rea l izable  

FM demodulator for  low S/B leve ls ,  Therefore it i s  f e l t  that the  thresh- 

old behavior of the  PLL as a frequency demodulator using various phase 

detector charac te r i s t ics  should be investigated both theore t ica l ly  and 
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experimentally t o  s e e  i f  an improvement i n  t h e  degree of optimality of 

t he  PLL can be obtained. 

1.2,2, Phase Lock Loop 

The PLL is  a popular though not a unique in te rpre ta t ion  of t h e  op- 

t i m u m  frequency demodulator, 

d e a l  with the  PLLo 

hereo 

for t he  PLL phase detector  other than t h e  mult ipl ier  that appears i n  t h e  

MAP demodulator s t ructure ,  

ized PLLo 

Most of t h e  references i n  t h e  bibliography 

A mQre general version of t he  PLL w i l l  be considered 

Several authors [ 3 9  5 9  ~ - 6 ~  17, 27, 331 consider non-lfnearitfes 

Figure 102 i s  a block diagram of a general- 

Figuie 1020 Generalized Phase Lock Loop 

In  the  above system the phase of the incoming signal i s  compared 

w i t h  that of the  voltage controlled o s c i l l a t o r  (VCO) signal i n  the phase 

detector.  

function of t he  difference of t h e  two phases, 

In general t h e  output of the  phase detector, 6e( t )9  i s  some 

That i s  

4 ( t )  = GK6C;t) - @ ( t )  + \k(t)li e 

( t )  i s  the  phase noise due t o  n ( t ) ,  and G i s  t h e  function 

(1.4) 

T 
1’ 

b 

t! .& 

t I 
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describing the phase t r ans fe r  function or  t h e  phase detector character is-  

t i c  * 

The e r ro r  s igna l  i s  operated on by the  Loop F i l t e r  F ( s ) ,  F ( s )  i s  

usually designed so t h a t  the PLL w i l l  respond t o  a c l a s s  of input s ignals  

and noise i n  some optimum way. Jaffe and Rechtin [ll] derive the  optimum 

F ( s )  f o r  a n  input having gaussian noise plus step,  ramp o r  quadratic t i m e  

var ia t ion of s ignal  phase, Their c r i t e r i a  of optimality is  the  minimiza- 

t i on  of the  lvCO output noise variance plus  in t eg ra l  square t rans ien t  

error .  Gilchriest  [ 9 ]  derives the optimum F(s )  f o r  FSK signals w i t h  

gaussian noise,  Both authors used a calculus of var ia t ions approach t o  

determine the  optimum physically realizable F(s >. 
In  usual  prac t ice  F ( s )  i s  a l i n e a r  physically realizable f i l t e r  

w i t h  the  form 

For t h e  second order loop t h i s  s implif ies  t o  

a + a s  0 1  
P(s )  = b -F bps 0 

which i s  a lead or l ag  f f l t e r .  It i s  a l s o  cal led a proportional plus i m -  

perfect  i n t e g r a l  f i l t e r  when bo C X  bise For bo = 0, it is cal led a pro- 

port ional  plus  in t eg ra l  f i l t e r o  If al = 0, it is a first order low pass 

f i l t e r ,  These three cases are most common i n  t h e  l i t e r a t u r e  [ 3 ,  5, 6, 9, 
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A few authors [lo, 11, 16, 201 consider the t h i r d  order PLL where 

2 a + a s + a 2 s  

3 0 (1.7 1 0 1  F(s) = 
s 

This r e su l t s  i n  a loop t h a t  w i l l  follow a signal w i t h  quadratic phase 

s h i f t  such as would be received from a t ransmit ter  t h a t  i s  being physi- 

ca l ly  accelerated.  

The author [16] has investigated t h e  fourth order PLL with loop 

f i l t e r  2 3 a O + a s + a s  + a s  

3 (108 1 1 2 F(s) = 
s 

!This PLL w a s  very d i f f i c u l t  t o  synchronize t o  an input s ignal  because of 

the four independent i n i t i a l  conditions but extending the phase e r ror  

range great ly  reduced t h i s  problem, 

J a f f e  and Rechtin [ll] proposed tha t  F(s) be made var iable  so t h a t  

it can be adapted t o  varying s ignal  and noise leve ls  so as to preserve 

optimalityo 

The f i l t e r  output dr ives  t h e  VGO, The VCO has an output 

That is, it generates a cosine wave with a phase angle equal t o  the  i n t e -  

g r a l  of t h e  input plus a l i n e a r  phase component, m v t o  

used as a reference f o r  the  phase detector ,  

The VCQ output is  

1.2.3 P U  Phase Detector Non-linearit ies 

Most authors have studied t h e  PILL having a mult ipl ier  phase detector ,  

When the input and VCO s igna ls  a r e  s ine  waves the  mul t ip l ie r  phase detec- 

t o r  yields  a s inusoidal  phase charac te r i s t ie ,  V i t e r b i  6321 and 

1 

h 
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Tikhonov 1263 have found an exact expression f o r  t he  phase e r ror  varianc 

and probabili ty density function (PDF) as w e l l  as the expected rate of 

cycle s l ipping f o r  the  first order loop having a mul t ip l ie ro  

imate r e su l t s  are available f o r  t h e  higher order PI;L w i t h  a mult ipl ier  

Only approx- 

C 6 9  7, 139 25, 301. 

Byrne 

non-linearity, 

t e r i s t i c  and gives information on maximizing t h e  capture range of the 

second order PLL. 

of the damping fac tor  and t h e  bandwidth. 

was t he  first t o  invest igate  the use of another type of 

]He was interested i n  t h e  sawtooth phase Ctktector charac- 

Ee provides many useful  design curves as a function 

S p l i t t  6241 suggests, without proof, t h a t  t he  noise threshold of a 

PLL w i t h  a sawtooth charac te r i s t ic  should be lower than that f o r  t he  PEL 

w i t h  mult ipl ier ,  Ee argues tha t  increasing the  l i nea r  phase e r ror  range 

t o  2% w i l l  reduce t h e  probabili ty of cycle s l ipping which i n  turn  should 

decrease the impulse noise a t  the  output. 

W i l l i a m s  [33] and Cleland 853 have a l s o  studied t h i s  type of PLL. 

They investigated i t s  acquis i t ion properties and found t h a t  it has a 

greater probabili ty of synchronizing t o  a noise f r e e  Incoming signal 

than a PLL w i t h  a sinusoidal charac te r i s t ic ,  Unti l  now no theore t ica l  

data has been avai lable  concerning the  noise threshold behavior of t h i s  

type of PEL. 

The l i t e r a t u r e  mentions three  ways for  implementing a l inea r  modulo 

2Rrs phase detectoro Byrne [3] suggested the  use of frequency dividers 

as i s  shown i n  Figure 1.3 t o  obtain a 2Wa l inea r  range phase detector,  

The f l i p - f lop  i s  i n  the  "ones" s t a t e  f o r  a length of time proportional 

t o  the modulo 2Msr phase difference between 8 and 4 and Wa, 

off frequency of F(s) i s  suf f ic ien t ly  lower than w@/N, the  pulsewidth 

If the  cut-  
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Figure lo30 Byrne's Linear Modulo 2Mw PLL 

modulation of t h e  f l i p - f lop  i s  converted t o  a DC l e v e l  proportional t o  

the  average phase e r ro ro  Here t h e  s i z e  of N i s  l imited by 

(1.10) 

where Bm i s  the  m a x i m u m  modulation frequency on t h e  ca r r i e r ,  The cutoff 

frequency of F(s) must be much l e s s  than mc/N because the  p a r t i a l l y  f i l -  

tered rectangular phase detector  output pulses would otherwise cause 

d is tor t ion  of t he  TTCO s igna lo  

%he author E161 used t h e  system shown i n  Figure 1.4 t o  obtain a 

l i n e a r  modulo 2Wsr phase detector  charac te r i s t ic  t o  a i d  synchronization. 

The author has shown el71 t h a t  an idea l  discriminator followed by 

the non-linear f i l t e r  as i l l u s t r a t e d  i n  Figure 1.5 i s  equivalent t o  a 

band-pass l imi t e r  (BPL)followed by a l i nea r  modulo 2Nn PLL. 

The sawtooth non-linearity has a period of 2Nn radians. It i s  not 

Reference el71 ye t  clear how t h e  E L  e f f ec t s  t h e  threshold of any PLL. 

deals b r i e f ly  with t h i s  question. 
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Figure 1,4, Linear Modulo 2Ean Radian PLL System Used by the Author 

Figure 1,T0 Equivalent Circui t  for t he  2Eaz Lin Lock Loop 

Robinson gr8l and Uhran [27] have studied the  s'Tan-10ck'9 loop (%zZ>, 

The 'ELL has a phase detector  with an output 

where Cos[mVt + 

lock parameter, 

put envelope is 

e] and 

i s  such 

2, then 

Sin[avt + e] are 

t h a t  0 < KT <: 1. 

t he  input s igna l  

t h e  VCQ outputs and 

If t h e  S/N i s  high 

can be approximated 

KT t h e  Tan- 

and the  in -  

bY 
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(1.12) 

Neglecting double frequency terms 

This i s  why t h e  name "Tan-XockPg hps been given t o  PLLs having t h i s  phase 

detector 

Robinson E181 concludes tha t  t he  lock range and acquis i t ion proba- 

b i l i t y  of t he  TLL a r e  much greater  than those of a standard PLLe He also 

applied Boonton's technique 12 

He concluded t h a t  t h e  TLL has a 2.4 t o  

t o  predict  t h e  noise threshold behavior 

db lower threshold when normal- 

ized t o  the  high S/M loop bandwidth than the  PLL w i t h  a sinusoidal phase 

detector charac te r i s t ic  

Uhran 1271 concluded from'experimental r e su l t s  tha t  t he  TLL has a 

higher threshold when normalized t o  t h e  high S/N loop bandwidth than the  

PLL w i t h  sinusoidal phase detector charac te r i s t ic ,  However, a normaliza- 

t i o n  w i t h  respect t o  the  lock range yielded the  opposite conclusion, 

This author believes that Robinson's conclusions a r e  l e s s  correct 

then Uhran's since the  former assumed a gaussian model f o r  t h e  V-CO phase 

PDF. 

loop by l l i terbi  1321 and f o r  t he  second order loop by Lindsey E131 f o r  

t h e  low S/N case associated with the  threshold region. 

This assumption was shown t o  be inaccurate f o r  t h e  first order 

Acampora and Newton [la propose that t h e  phase range of t h e  phase 

detector can be extended by including an in t e rna l  "phase subtracting" 
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l i nea r  
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For the  case of a mult ipl ier  phase detector,  t h i s  extends i t s  

phase range t o  greater than 31/2~ However they f a i l ed  t o  consider 

that t h i s  internal loop could be absorbed i n t o  the  l i n e a r  loop f i l t e r  by 

simply including a d i f fe ren t ia tor  which r e su l t s  i n  a standard BILL as 

before with only a d i f fe ren t  l i nea r  loop f i l t e r .  

Clark and Hess 643 propose t w o  3% demodulator systems t h a t  are re- 

Their systems a r e  t w o  implementakions of "clickgP can- 

'They attempt t o  improve 2% threshold bx detecting the  occur- 

la ted  t o  the  BILL. 

cel la t ion.  

rence of clicks and claim an e ~ p e r i ~ e n t a l  threshold improvement over %ha% 

of a conventional discriminator. 

those of the €%Lo 

which t h i s  author hi1t. (See er VI.> &3WeVer there  LWO 

m t i c a l  differences,  

a f t e r  t he  phase detector and Clark and Hess' systems assme t 

phase detector range cons tan t j i s  i n f i n i t e ,  

%!hey do not compare the i r  r e su l t s  w i t h  

However t h e i r  system i s  closely re la ted  t o  the PLL 

The author*s sys%em does not have a m l % i p l f a r  

t a  is mthematically e ~ ~ L ~ ~ l e t a t  to the  t w o  menti~ned above, 

 eon and eleland have investigated the properties sf a PLL with 

a mult ipl ier  phase detector and a class of non-linear filtersD 

have been studying the  acquis i t ion properties of t he  first and second 

order loopso 

They 

They have found optimum f i l t e r s  t o  improve the acquis i t ion 

timeo However they have not considered the  performance of their systems 

at  low S/H levels .  

l ,2 ,4 .  l f l i ca l  Techniques 

Several mathematical techniq~es have been used t o  predict the phase 

error variance of P.L%s, %)evelet [63 used 0nton93 621 %echnique t o  

calculate an approxim%e "gainFg f o r  the  phase detector bnt he also 
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assumed a gaussian PDF for  the  phase error .  Therefore, the accuracy of 

h i s  l eve l  for  threshold i s  not known. 

phase error  PDF but the  d is t r ibu t ion  must be known t o  use it, 

This technique is  val id  for any 

Tausworthe [ 2 5 ]  used a spec t ra l  density approach and obtained 

curves f o r  phase e r ror  variance t h a t  agree closely with the experimental 

r e su l t s  f o r  t h e  second order PLL, but he did not make any conclusions 

about threshold. 

tha t  r e su l t s  i n  a phase e r ror  PDF tha t  can be expressed as a diagonal- 

ized orthogonal expansiono 

This technique i s  val id  for any type of addi t ive  noise 

Margolfs [14]1 used a se r i e s  expansion f o r  the phase detector and 

derived th ree  termso 

sion f o r  the  phase e r ror  variance. 

From these one can obtain an approximate expres- 

He did not consider anything concern- 

ing the  threshold. 

Van Trees [ X I ]  used a Voltera expansion technique and by consider- 

ing two te rns  w a s  able t o  get an approximate expression f o r  the  phase 

e r ro r  variance. 

However, i n  another paper (291 he assumes t h a t  threshold occurs a t  a 

fixed phase e r ror  variance and obtains performance curves f o r  output ver- 

sus input S/N and modulation index based on a l inea r  model for  t h e  PLL 

with the  phase e r ro r  variance as a constraint .  

He a l s o  d i d  not conclude anything about the  threshold,  

Vi-terbi [ 32 ]  and Tikhonov [26] were able  t o  obtain exact expres- 

sions fo r  t he  phase e r ror  variance f o r  t he  first order PLL with a sinu- 

so ida l  charac te r i s t ic  using t h e  Fokker-Planck equation but were unable t o  

obtain t r ac t ab le  solutions f o r  other caseso 

C131 w a s  able t o  obtain an approximate solut ion fo r  t he  second order PLL 

w i t h  a sinusoidal non-linearityo From this,  an approximate expression 

With t h i s  approach Lindsey 
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f o r  t h e  phase error  variance was obtained. 

the  reminder  term i n  h i s  r e su l t  is  uncertain. 

However the significance of 

Whran [27] w a s  unsuccessful i n  applying t h i s  technique t o  t h e  Tan- 

lock PLL i n  a val id  manner since Tan-lock has a dfvfs%on by a s tochast ic  

process 

10Z!,50 Summary of the Limitations of Previous Work 

The popular approach for comparing t h e  degree of optfmality of 

various systems has been t o  compare -their phase e r ro r  variance [ 6 ,  7, 14, 

18, 25, 29, 303 or  t h e i r  output SIN [7, 16, 22, 231 or  ‘%hreshold” levelo 

The theore t ica l  r e su l t s  have not been conclusi.tre due t o  differences of“ 

def ini t ion 89, 22, 273. Math t i c a l  d i f f i cu l t i e s  have prevented exact 

solutions except f o r  the  simplest cases [ls, 26, 321, Experimental re- 

s u l t s  have not always been consistent from author t o  author [g, 22, 281, 

“$his i s  perhaps due i n  pa r t  t o  incomplete def in i t ion  of the  experimental 

procedure. More often than BO% the  approximate models used i n  theore t i -  

c a l  work are not val id  f o r  t h e  low SIN region where the threshold ex is t s  

[ 6 ,  7, 25, 281, This causes differences between the theore t ica l  and ex- 

perimental r e su l t s  ., 

L i t t l e  work has been done on the l o w  SIN perfosmesnce of the PLL. 

Since there  has 

P U S  w i t h  non-sinusoidal phase detector non- 

This appl ies  t o  both KM threshold, lock time and ID, 

been even less work on 

l i n e a r i t i e s ,  it i s  not dear, for any of t he  th ree  mentioned performance 

c r i t e r i a ,  wha% type of non-linearity i s  best fo r  the phase detector char- 

a c t e r i s t i c  0 
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1.3. Areas of Research f o r  This Work 

Since the  nature of t he  non-linearity i n  the  phase detector of t he  

real izable  MAP demodulator is  unknown and s ince increasing the  l i n e a r  

range of t h e  phase detector decreases both ID and acquis i t ion  time of a 

PLL, a study has been made of t he  FM threshold and low S/N acquis i t ion 

time of a PLL w i t h  a l i nea r  modulo 2Ex phase detector  phase character is-  

t i c  4 

In  Chapter 1611: an analysis  i s  m d e  of t h e  high SIN theo re t i ca l  lock 

t i m e  of t h i s  type of PLL. 

t o  calculate  the  piece w i s e  continuous solut ion of t he  second order PLL 

d i f f e ren t i a l  equationo 

i n i t i a l  phase e r ror ,  frequency er ror  and P U  damping r a t i o ,  

Chapter IT6 describes an experimental model of such a gL% and an addi- 

t i v e  noise channel a s  well as other t e s t  f ix tures  which were needed i n  the 

experimental work 

This is  done by programming a d i g i t a l  computer 

The lock t i m e  w a s  calculated as a function of the 

Chapter B describes an experiment tha t  was devised and conducted t o  

measure t h e  acquis i t ion t i m e  of the F'LL fo r  t h e  s e t  of  loop and s i g w l  

parameterso !Phis set was designed so as t o  determine t h e  e f f ec t  of input 

S/N level,  i n i t i a l  VCO frequency error ,  ca r r i e r  frequency o f f se t  with r e -  

spect t o  the  center of t h e  input noise s p e c t r a ,  PLL damping r a t i o  and 

the phase detector range constant E. 

%he theo re t i ca l  and experimental r e su l t s  a r e  presented i n  graphical 

form0 

Chapter V I  describes experiments t h a t  were devised and conducted t o  

determfne FM threshold by measuring the output S/N as a function of t h e  

input S/B f o r  a set of PLL and s ignal  parameterso This set was designed 
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t o  determine t h e  e f f ec t s  of PLL damping r a t i o ,  PLL order, M, t h e  input 

signal modulation spectrum, and F'M index on t h e  FM threshold phenomenon. 

The experimental r e s u l t s  are presented i n  graphical form. 

Chapter V I 1  presents conclusions derived from t h i s  study and sug- 

gestions f o r  fu r the r  study are giveno 

l o ~ o l o  Swnmary of Hew Results 

The first a rea  of i n t e r e s t  i n  t he  acquis i t ion  t i m e  of t h e  l i n e a r  

modulo 2Nx PLL. It is shown t h a t  t h e  theo re t i ca l  decrease of t he  ac- 

qu i s i t i on  time of a second order l i n e a r  modulo 2Mx PLL f o r  t h e  high S/N 

case i s  Ta = Tso .l49'/N (1 015 

where T 

and s inusoidal  PLL respec t ive lyo  Experimental data  agrees c l o s e b  w i t h  

t h i s  t heo re t i ca l  r e s u l t ,  

an increasing function of t h e  M/S r a t i o o  

pends on t h e  PEL damping, I, signal frequency o f f s e t  from t h e  center of 

t h e  input noise spectrum, and i n i t i a l  VCO frequency er ror  i n  a very in -  

volved manner. Regression a n a l p i s  i s  used %o determine an approximate 

model f o r  t h i s  dependenceo 

and Ts a r e  t h e  acquis i t ion  times of t h e  l i n e a r  modulo 2Ma PEL a 

For most cases t h e  low S/N acquis i t ion  time i s  

But the  rate of increase de- 

%%e second area of i n t e r e s t  i s  the  l%4thresholdo Esxperimental data 

i s  presented, 

high input S/N l e v e l  t h e  l i n e a r  modulo 2Bx PLL y ie lds  a lower threshold 

l e v e l  than t h e  s inusoidal  PEL. 

20 db for  s inusoidal  and random modulation for  a modulation bandwidth t o  

P U  bandwidth r a t i o  of -133. It i s  also determined tha% a decrease i n  

t h e  modulation bandwidth t o  P a  bandwidth r a t i o  produces the  same e f f e c t  

as an increase of No 

The conclusion of t h i s  study is  t h a t  fo r  a su f f i c i en t ly  

The critical l e v e l  appears t o  be about 
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11, THEORY AND DEFINITIONS 

The basic theory of the F'LL used i n  t h i s  research is  outlined i n  

t h i s  chapter. 

f ined 

The terms used t h a t  a r e  peculiar t o  the  PLL a r e  a l s o  de- 

Figure 2,1 is  a block diagram of a F'LL w i t h  a generalized phase de- 

t ec to r  and a post loop low pass f i l t e r  (LPF). 
c 

Figure 2,l. Generalized PLL w i t h  Post Loop F i l t e r  

In  general t h e  input r ( t>  consis ts  of an FI-4 sinusoid that has been cor- 

rupted by addi t ive  gaussian noise. The phase detector compares t h e  phase 

of r ( t )  with tha t  of t he  VCO output, ev(t), and produces an e r ror  signal,  

(0 ( t ) ,  that i s  a function, G, of t h e  comparison. The loop f i l t e r  oper- 

ates upon t h i s  error signal  and causes the VCO frequency t o  change i n  a 

direct ion t o  reduce the  e r ro r -  

e 

If there  is  no noise a t  t h e  input and i f  

t h e  VCO i s  synchronized t o  t h e  input signal frequency, t h e  PLL i s  capable 

of determining the exact frequency of r ( t ) ,  

a t  l e a s t  one addi t ive i d e a l  integrator  t he  loop i s  ab le  t o  estimate 

If the  loop f i l t e r  contains 

I 
9 

1 
P 
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exactly the  phase of r e t ) .  When noise i s  included i n  r ( t ) ,  noise J i t t e r  

appears i n  4 ( t )  and as the  input noise is  increased the  accuracy of the 

estimate of t he  incoming frequency or phase i s  reduced. 

e 

If t h e  frequency of r(t is  unknown it @an be d&emflaed by t h e  PLLo 

However the  PLE must f i rs t  be synchronized t o  r ( t ) ,  

signal be 

Let t h e  received 

r ( e )  = a eos[Lo@t + 41 

e+> = 2 cos[cssvp. -8. @ ( t > l 0  

(201) 

and the  VC0 signal be 

(202)  

If it i s  assumed t h a t  G i s  l i nea r  f o r  all 4 the  synchronizing process 

i s  trivial. The 

e' 

Then t h e  loop i s  a l i nea r  system in the  phase domain, 

feedback of the  system i s  such that for  any value of i n i t i a l  frequeney 

er ror  t he  VC0 frequency i s  continuously corrected by the  loop so tha t  

eventually the  frequency error is  essentially zeroo To demonstrate t h i s  

l e t  F(s) = l/Tls + K, where s is t he  d i f f e ren t i a l  operatoro Then clear ly  

and 

If K 0, T1 0, and @(a;) i s  constant 

0 0 

l f m  pqt) - e ( t >  + m e  - mv] = 0 

l i m  p f t )  - e ( t >  =+ (ae - av)tJ = 0 ,  

C206.I 

g2071 

t-% CQ 

and 

. e ,+ -  
However if G i s  not linear, these do not necessaril'y hold, ITiterPbi [sl] 



has shown t h a t  f o r  sinusoidal G (2,6) and (2 .7)  are t rue ,  

111, (2,6) and (2,7) a r e  shown t o  be t r u e  f o r  t he  case of a l inear  modulo 

2Nrr radian charac te r i s t ic ,  This charac te r i s t ic  i s  given by 

In  Chapter 

Therefore t h i s  PLL w i l l  always acquire synchronization, In  t h i s  study a 

PLL w i t h  a l i nea r  modulo 2Nn radian phase detector i s  cal led the extend- 

ed l inear  range PLL o r  ELW&L. 

nize i s  called the  "lock time" o r  "acquisition time," Throughout t h i s  

study the term acquis i t ion time, Tap i s  used and it i s  defined f o r  t h e  

CW input s ignal  plus addi t ive gaussian noise case by the intersect ion 

The t i m e  required f o r  a ?Id; t o  synchro- 

of the  following events 

and 

92.11) 14) et>/ Nlr / lO e 

where % i s  t h e  PLL bandwidth. 

If the  i n i t i a l  frequency er ror  i s  suf f ic ien t ly  large,  the t rans ien t  

phase error  predicted by a l i nea r  G i s  la rger  i n  magnitude than Nno 

t h i s  happens i n  t h e  ELRBEL 8 "cycle s l i p "  occurs. That i s ,  the  phase 

detector output signal experiences a discontinuity and i f  @e pr ior  t o  

t h i s  event was 

c a l  phase detectors are periodic i n  some multiple of 2% radians and 

hence a l l  PLLs w i l l  exhibit  cycle s l i p  phenomenon. 

When 

then j u s t  a f t e r  the  event @e will be -Brio All prac t i -  



Cycle s l i p s  can a l s o  be generated by the  noise i n  r ( t ) ,  If the  

noise causes t h e  phase of r ( t f  w i t h  respect t o  that of ev t o  encircle  

the or ig in  suf f ic ien t ly  fast so t h a t  @e exceeds the  phase detector 

range, then the  ELRPLL w i l l  not be ab le  t o  follow the  t rans ien t  and the  

phase error  w i l l  generate a cycle s l i p o  

The PLL i s  also used as an F.M demodulator. Here the  loop attempts 

t o  continually adjust  the  VJCO frequency so t h a t  it follows the  frequency 

var ia t ions of r ( t > .  

estimate of the  modulation. 

usually d e s i r a b l e  t o  improve the  S/B Sle.ael of the demodulator output by 

f i l t e r i n g  it w i t h  a post loop f i l t e r .  The nature of the f i l t e r  i s  usu- 

ally low pass and t h e  t ransfer  fune'hion i s  often based on some optimiz- 

ing c r i t e r i a  such as mxianizing i t s  output S/N l eve l ,  

'The VCO input signal under t h i s  condition i s  an 

%en r(L) contains addi t ive noise, it i s  

Throughout t h i s  study the  loop bandwidth 2s understood t o  be the  

equivalent l i nea r  -two sided noise bandwidth defined as follows 

where 

For t h e  first order L, TI = ( X J ~  and 

In t h i s  case 1151 
BL = K / 2  

For t h e  second order loop with f i n i t e  non-zero T1 [?.5] 

% 

(2,121 

(2,161 
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H(s> i s  cal led the closed loop t ransfer  function. 

It i s  desirable t o  minimize the  frequency and intermodulation d i s -  

t o r t i on  i n  the  demodulation output, 

t he  loop bandwidth and the  lat ter by increasing the phase detector 's  

l i nea r  range. Increasing the  loop bandwidth decreases the phase error  

and increasing t h e  l i nea r  range of the phase detector reduces the d i s -  

Both can be reduced by increasing 

tor t fon  caused by it, 

%he word threshold i s  a term tha t  i s  widely used t o  describe a 

poorly understood phenomenon, E t  is generally used i n  connection w i t h  

FM demodulation as the  name f o r  the  l eve l  of input Si/H below which the  

demodulator ceases t o  function i n  some prescribed manner. 

w i t h  the  standard discriminator it i s  that l e v e l  of input S/N where the  

output S/H 'Pbegins's t o  depart from a l inea r  dependence upon the  input 

S/N l eve l ,  However t h i s  def in i t ion  suf fers  because of i t s  imprecise 

In  connection 

nature 

A popular def in i t ion  fo r  threshold used i n  connection w i t h  the  $19J 

FM. demodulator i s  a fixed l eve l  of phase e r ror  variance. 

usually s e t  a r b i t r a r i l y  a t  .1 t o  .5 radians However t h i s  i s  not a 

This is 
2 

very sa t i s fac tory  def in i t ion  from a p rac t i ca l  standpoint since the 

p b s e  e r ror  here  i s  defined as @ - 8 and t h i s  var iable  only ex i s t s  i n  

the mathematical model derived from the PELa Note that Oe i n  t he  low 

S/R case f o r  f c  = fv  i s  not the same as Q - 0, 
Gilchriest  [ 9 ]  used a novel def in i t ion ,  He defines threshold f o r  

FSK demodulation by a PLL as the level of input S/H f o r  which t h e  average 

s ignal  suppression a t  t h e  VCO input i s  l$* 

In the  experimental work of" Chapter VI, threshold i s  defined t o  be 



t he  minimum input S/N l eve l  (referred t o  the output band) f o r  which the re  

ex is t s  a value of t h e  modulation index f o r  a given output S/N level .  The 

appropriateness of t h i s  def ini t ion appears when one considers a typ ica l  

input/output S/N p lo t  of an Fprl demodulator fo r  a class of modulation i n -  

dexes. I n  general t h i s  family of curves defines t h e  boundary of a fo r -  

bidden region s i m i l a r  t o  t h a t  which Develet [6] gives i n  Figure 4 f o r  t h e  

P U  threshold and Shannon's l i m i t .  
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Chapter I11 presents a theore t ica l  a m l y s f s  of t he  acquis i t ion time 

of t he  ELRPLL. This i s  done f o r  t he  case of no modulation and hfgh S/lw 

l e v e l  f o r  a second order loop, It i s  assumed that t h e  loop f i l t e r  i s  

F(s) = K + l,/3clsO 

It is assumed that a t  t = 0, there  is  some known i n i t i a l  frequency error  

af(O>, and some known i n i t i a l  phase e r ro r  ae(0), 

i s  found as a feunctfon of BLp t h e  loop damping (Elp t h e  phase e r ro r  range 

The acquis i t ion time 

constant (N), t h e  i n i t i a l  frequency error  and i n i t i a l  phase e r ro ro  The 

r e su l t s  are ppesented i n  graphical form and a r e  compared w i t h  Viterbi ' s  

r e su l t  [31] f o r  a PLL with a sinusoidal phase detector,  

The phase detector charac te r i s t ic  of t he  EERPhS; i s  

where 

+B = Q - 8  4- (ac - (3  03 1 

Then reca l l ing  from Figure 2 2  that 8 i s  related t o  @B by P(s) /s  one can 

show that 

together with equation ( 3 - 2 )  define the  ELFELL sys%me Except f o r  t h e  



points OB = W?r, M = - + 1 9 ~ , ~ ~ ~  , the  system i s  l i nea r  and the  solution i s  

t r i v i a l ,  

bandwidth, %, and damping r a t io ,  5 -  

Under t h i s  condition it i s  meaningful t o  speak of the  system 

It i s  advantageous t o  redefine the  system equations i n  te rns  ~f B 
E 

and E. 
Let t h e  normalfzed t i m e  be 

T = BLt0 (3.5) 

Mote t h a t  t he  damping r a t i o  is 

m3 05 5 = 

Let t he  phases @*and @e be normalized by l e t t i n g  

@ *  ŝ  e 

and 

Then the  ELFELL i s  defiaLed by 

9 *  = (4; 4- adMood 2x- 3% e 

and 

where 

45 a =  

3 ., 2 Underdamped Case 

The solution fo r  1 i s  

where 
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Al“ 
a 9  M -  (3 013 

P a =  1 a 

B = O i ( 0 )  

and 

2ke normalized frequency er ror  i s  given by 

- Aa) Cos(wPT) - <h1 + Bae) 

0 Sin(alT)]. (3.17) 

nfyT)/liJ = 21( P i$T) = 

Bote that using ( j , l 2 )  Lhrough ( u o l y )  it i s  possible to choose u ( 0 )  

and 3;(0) such that I @ i ( T  I 9: a fo r  a9.1 T 

true for a l l  M ’ f O )  ani @;(O),  When t h i s  i s  not t r u e  t h e r e  i s  a set of 

T 

passes through a discont inui ty ,  

0 ,  However t h i s  is  not 

3 0, c a l l  them TAP i = 1, 2, ., a91‘43 f o r  which 4; = A * A t  these  points  3; 
i 

The boundary conditions a t  the  discon- 

t i n u i t y  a r e  

arid 

f o r  i = 1, 2,,,,, 34- 

used t o  ca lcu la te  @ *  and N p  f o r  severa l  values of T 3  5 ,  Llf ‘(0) and @ i ( O )  

from (3,l2) through (3019>. 

f o r  severa l  @:(o) and 

E = 0 5  i n  Figure 3*3 and F, = .TO7 in Figure 3,4.  

Appendix A describes a d i g i t a l  computer program 

e 

om this calculat im,  Tl [& ’ )  i s  p lo t ted  

6 = .25 in ~ i g u r e  j01, 5 = .,35 i n  Figure 3,2, 

* t  
x. 1 
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3 . 3 .  Cr i t i ca l ly  I)amped Case 

The solution of (3.10) fo r  5 = 1 i s  

@ i ( T )  = (A + BT) Exp( - (27) 

and 

166' 9 a =  
1 + 4k2 

A = o;;(o) 

3 = m ; ( o )  + i y o >  0 

The normalized frequency error  is  gfven by 

Note t h a t  using (3 .20 )  through (3.24) it is possible t o  choose 

Af8(0) and @i(O) such tha t  l@i(%>l < a fo r  a l l  T 

i n  Section 3.2 t h i s  is  not t r u e  i n  general. 

0 ,  However j u s t  as 

When it i s  not t r u e  there  

i s  a s e t  of Ti, i = 1, s r o s  M fo r  which 4 '  = a, 

through a discontinuity.  

A t  these points @: passes e 

The boundary conditions a t  the  discontinuity 

a r e  the  same as before, 

and 

f o r  i = l,eoos M. The d i g i t a l  computer program described i n  Appendix A 

w a s  a l s o  used for  t h i s  case t o  calculate  4'  and Af" f o r  several  values 

of a ,  Af8(0) and @ g ( O >  from (3.20) through ( 3 0 2 6 ) 0  

YL(Af') i s  plot ted f o r  several  values of @ " ( O )  and F = 1 i n  Figure 3 0 5 .  

e 

From t h i s  calculation, 

e 
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Figure 3.5. ELRPLL Acquisition T i m e  versus the fnlt lal  Frequency Rror 
and Phase Error for a ing Ratio Equal l o  1 



3.4. Overdamped Case 

The solut ion of ( 3  . lo )  f o r  6 > 1 i s  

96(7) = A  Exp( - a a )  + B Exp(- B 7 )  

where 

and 

The normalized frequency error  i s  

1 "  1 
2a B 2a M P ( ~ ) / N  = - @'(a) = - [Aa -(- OX) + BB E-( - 

Note t h a t  using (3.26) through ( 3 * 3 l )  it is possible t o  

and @ i ( O )  such tha t  I @;(T ) I a f o r  a l l  T 0, However 

t ions  3 .2  and 3.3 t h i s  i s  not t r u e  i n  generalo When it 

( 3  427 1 

Jus t  as in sec- 

i s  not t r u e  the re  

is a s e t  of zi, i = 1 , 0 0 0 ,  M f o r  which 4 '  = I[, A t  these points 4; passes e 

through a discontinuity.  The boundary conditions a t  the  discontinuity 

a r e  t h e  same as  before: 

and 

for  i = l , e ,oo j  Me 

culate  @ '  and Qf" f o r  several  values of 7, 5 ,  Af'(0) and 4:(0) from (3.27) e 

The same d i g i t a l  computer program i s  a l s o  used Lo ca l -  
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through (3 .34>0 From t h i s  calculation TL(&@) i s  plot ted f o r  several  

values of + i ( O )  and 5 = 1.4 i n  Figure 3.6 and fo r  E = 2,O i n  Figure 

3 

Note that f o r  each value of 5 t h e  acquis i t ion time f o r  small lAf']/N, 

i s  grea t ly  dependent upon the i n i t i a l  phase e r ror  and t h a t  f o r  increasing 

1Qf"l/M t h i s  dependence i s  a smaller proportion of the  t o t a l  acquis i t ion 

t i m e o  

i s  independent of Tio 

Wowever the amount of var ia t ion of l&'l w i t h  f o r  a given Ti 

Note that the scallops of t he  curves a r e  caused by t h e  cycl ic  net- 

t u r e  of t he  phase detector charac te r i s t ic  and t h a t  t he  discont inui t ies  

a r e  caused by the  discontinuous nature of the  phase detector,  I n  general 

t he  continuous portions of the  curves h v e  negative slopes except fo r  the 

f i rs t  1 or  2 scallops on soma of t he  curves. 

Note tha t  increasing @"(O> causes an increase of T," f o r  most cases of e 

IAf ' I/N and 

point and hence increases the  number of cycle s l i p s  and a l s o  Tio 

Increasing 9 ' ( 0 )  a l s o  increases @ @  a t  each cycle s l i p  e e 

3.50 

The t r ans i en t  phase e r ror  of t h e  EL fo r  a frequency s t e p  input 

i s  examined i n  t h i s  section. The peculiar nature of the acquis i t ion 

time curves i s  be t t e r  understood when one is  familiar with %he t rans ien t  

phase error  of t h i s  system t o  a s tep  in input frequency, The computer 

program described i n  Appendix A i s  used t o  p l o t  @L(T) fo r  of.'(O)/S = 2, 

@;go) = 0 %nd various k i n  Figure 3080 the  discon- 

t i n u i t i e s  i n  the  t rans ien t  phase e r ror  correspond t o  those i n  Figures 

It i s  apparent t 

3.1 through 3 0 7 .  

phase e r ror  a discontinuity occurs unless t h e  slope 2 s  zero a t  t ha t  

Note that a t  the  peak of each cycle of t he  t r ans i en t  
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Figure 3.6. ELEWLL Acquisition Time versus the Ini t ia l  Frequency Error 
and Phase Error for a Emping Rrttio Equal to  1.4 
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point, 

cally decreasing function of" t i m e ,  

The slope at successive peaks ofthe phase error is a monotoni- 

This eonadition is necessary to 

gmrantee acquisition, 

3.6, 

Figure 3.8 shows that the acguisi%ion t i m e  of t he  ELRIPEL has a mini- 

mum for ! = 0707e An analysis of Viterbi's 1311 expression f o r  the ac- 

quisition time of a 

reveals that its a c q u i s i t i o ~  tim.e also exhibi ts  a minimmri  f o r  E = 

L with sfaausof 1 phase detector charac te r i s t ic  

has a quadratic dependence an 

g = .TO7 for any T i  such t h a t  

and intuitive reasoning it is  

or %h%L 

10 < Ti < 10Kle From these observations 

hypotheei zed that 

for IAf@l/B 1. This hypothesis i s  tested by determining R f o r  one P 
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value of 

several values of 5 .  

from Figure 3.9 and then comparing (3.38) w i t h  Ffgure 3.9 fo r  

Ti fo r  5 = 1, M = 1, and lAf'Q[/N = 2 i s  23, There- 

for  e 

Table  3.1 compares (3,381 and Figure 3 0 9  using K1 = 0149 for N = 1 

and Af" = 2 ,  
Table g e l  

'6lerifieatfow of Acquisition Time 

035 
05 
0 707 

1.0 
1044 

39 
23 
19 
23 
34 

39.8 
23.6 
19.9 
23 
33 05 

Note t h a t  t he  comparison i n  Table 3 . 1  i s  -very favorable. 

eluded t h a t  (3038> fo r  K1 = .149 is  a good model for the 

Hence it is con- 

high S,h' 

acquisit ion t i m e  when IAf"l/N 2, 
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This  chapter along w i t h  Appendix B describes t he  experimental E3LFPLL 

system b u i l t  for  and used i n  t h i s  studyo The block diagram of the system 

i s  presented and t h e  system i s  discussedo The c i r c u i t s  and other techni- 

c a l  considerations including system accuracy are discussed i n  Appendix Bo 

A description of the t ransmit ter  or s ignal  generator and the  channel 

i s  a l s o  included, The c i r c u i t  diagrams and technical  considerations of 

t h i s  tes t  f ix tu re  including syStem accuracy are i n  Appendix C o  

4 , l .  Exp erimental ELWLL System 

The novel fea ture  of t he  ELRPLL i s  t h e  phase detector ,  Section 

l .2,3 describes several  ways of implementing t h i s  phase detector ,  An 

attempt w a s  made t o  use t h e  Geda ana$og coaputer t o  simulate the  ELRPLL. 

However t h i s  d id  not work properly. Therefore it was decided t o  build 

an ELRPLL i n  the  laboratory. Figure 4 0 1  is  a block diagram of the  ex- 

perimental ELFPLE system showing the  way i n  which the  phase detector 9s 

implemented, The l i n e a r  modulo 2Ba charac te r i s t ic  i s  synthesized i n  

three s teps ,  One pa r t  of t he  system deternines t h e  modulo n/2 phase 

error ,  a second part adds t h e  quadrant information, and the  t h i r d  pa r t  

determines the  modulo I number of 2s radian cycle s l ips . .  

The system input i s  52 and t h e  noma1 output as a I34 demodulator i s  

A p a i r  of reference square waves i n  phase quadrature are generated s18. 

from the multivibrator VCO by a p a i r  of f l ip - f lops  tr iggered by 
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t h e  VCO output t rans i t ions .  

quency divide by 2 c i r c u i t  and i s  used as a control fo r  t he  other.  The 

control i s  such tha t  the  l e f t  f l i p - f lop  output always leads that of t he  

r igh t  by 1/4 of a period, 

One of the  f l ip - f lops  functions as a f r e -  

The phase detector consis ts  of 2 analog gates and LPFs. 

a r e  open when the reference i s  pos i t ive  and are closed otherwise. 

LPFs a r e  designed f o r  a cutoff frequency of fc/10 2 10KHzo so as t o  pro- 

vide adequate re ject ion of the  c a r r i e r  and a l l  higher frequency cross 

products. 

The gates 

The 

Let t he  input s ignal  be 

r ( t )  = A Cos[act d- @ ( t ) ]  f n ( t > ,  ( 4 4  
where @(t)  i s  t h e  modulation waveform and n ( t >  i s  the  channel noise. 

e 

Let thd VCO references have frequency, av + e ( t ) ,  where @ ( t )  i s  the  VCO 

input waveform. Then the  output of the  upper LPF i s  

= -  Sin[(mc - mv)t + @(t)  - e ( t )  + q ( t ) ]  (4,2) eS 2s 

and the  output of t h e  lower LPF i s  

= -  A 4 i  cos[(cuc - a$ f 4 ( t )  - @(t) + \k( t ) l ,  (4*3)  eC 2a 

2 where 
A( t )  = [(A + nl ( t ) I2  + n2 ( t ) I o 5  

n,(t) and n,(t) are obtained by s p l i t t i n g  n ( t )  i n t o  two components that 

a r e  i n  phase and out of phase with t h e  modulated signal,  A Cos[cuct + 
I 

The Sin and Cos Phase Inverters provide i so la t ion  of the  analog 

gates from the Numerator and Denominator Generator (NDG) as well  as 
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fur ther  f i l t e r i n g  of the  phase detector outputs. 

phase inversion that i s  needed by the  Sfn and Cos Zero Crossing Detectors. 

These Zero Crossing Detectors generate binary s ignals  that depend only 

on the sign of their  inputse  

They a l s o  produce a 

The output of t h e  Inverters  and Zero Crossing Detectors a r e  used 

by the  BDG. 

gates i s  open when the  appropriate binary s ignal  from one of t he  Zero 

Crossing Detectors o r  from one of the sign changers within the  BDG i s  

posit ive.  The numerator output i s  

The D G  i s  an analog multiplexor. mch of t h e  eight analog 

e R = A[Sfneg ~ ~ ~ ~ ~ 0 s ~ ~ ~  - Coseg  in^^^^ (406) 

and the  denominator output i s  

o r  more simply 

eD = -A[iBfn@gl +  COS^^^]^ 

These two outputs are designed so -that 

%he Philbrick Amlog Bi'JTfder performs t h i s  operation, The Arc Tangent 

Converter output is [ 3- YK/4aMod - n/4, 

There a r e  several  reasons why 1% was decided t o  calculate  t he  modulo 

$ /2  phase error,, The method 9,s no% sens i t ive  t o  t h e  value of A and it 

permits the studying of t he  case f o r  R = .25 and Q 5 e  

Since the denaomiraator input t o  t h e  divider i s  always l e s s  than zero 

except f o r  very short  times when both inputs go t o  zero, in theory the  

divider output never sa tura teso  In  prac t ice  it seldom saturates .  

3 I 



The Zero Crossing Detector outputs are a l s o  used by t h e  Quadrant 

Detector. This device generates a s i p 1  proportional t o  the quadrant 

of the  modulo 2a phase, This  signal is  

The Cycle S l ip  Detector detects  each t i m e  

"add" or "subtract" pulse. 

subtract  pulse i f  6 < 0. The case of = 0 i s  i r re levant  since 

= 2% and generates an 

If Qe 

e e 

0, an add pulse i s  generated and a 

cannot pass 2a f o r  4 = 0 ,  These pulses are counted and t h e  @BiMod 2x e 

instantaneous modulo E count of t h e  nwnber of pos i t ive  minus negatlve 

pulses i s  stored by the  10 B i t  Counter, 

can be varied and hence M can be changed i n  s teps  of 2 t o  1 r a t i o  from 

However the  number of b i t s  used 

.25 up t o  1024, The D t o  A converter i n  t h e  counter generates a current 

1 re la ted  t o  the instantaneous count, If t h e  count i n  t he  counter i s  B 

i c = [N1 - H/2 + "5IMod + B/2. 

The output s ignal  i s  t ranslated by EJ/2 Q 0 5  so that  t h e  output i s  sym- 

met r i c  about t h e  or ig in ,  %his generates a symmetric phase detector 

charac te r i s t ic  w i t h  a range of Nra radians i n  both the posi t ive and nega- 

t i v e  d i rec t ionso  

The three components of the phase e r ro r  modulo 2Mra are summed i n  the  

'The output of t h i s  s m e r  drives the loop lower ri&t hand comer block, 

f i l t e r ,  The loop f i l t e r  consis ts  of f i v e  operational amplffiers;  t h ree  

of which are connected as integrators  and the  remaining two as summerso 

The t i m e  constants of the three in tegra tors  are Tll T and T4. The t i m e  

constant and i n i t i a l  condition of each integrator  c&n be set independently 

of the others .  

3 

By s e t t i n g  TL through T4 t o  ~9 t h e  system i s  a f i rs t  order 
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loop. If T 

i d e a l  integrator .  

loop, and f i n a l l y  i f  T4 i s  made f i n i t e  t h e  system i s  a 4th order loop. 

The loop gain can be changed by varying K .  The t r ans fe r  function of t he  

loop f i l t e r  i s  

i s  then made f i n i t e  the  system is a second order loop w i t h  1 

Then i f  T i s  made f i n i t e  the  system i s  a t h i r d  order 3 

(4.12) 

The loop f i l t e r  output, G ( t ) ,  i s  an estimate of t he  modulation 

waveform and is  avai lable  at  ~ 1 8  as a loop output s ignal .  

termines the  VCO frequency. 

ELRPLL w i t h  bandwidths from 1 Hz. t o  1000 Rz, can be simulated. For 

second order loops a wide range of damping r a t i o s  can be accomodated. 

The t h i r d  and fourth order loops a r e  not considered i n  t h i s  study? but 

they can be simulated by the  system. 

It a l s o  de- 

With t h i s  syst6m first  and second order 

4.2, ExD erfmental Signal Generator and Channel 

This sect ion describes t h e  block diagram of the  Signal Generator 

and Channel, The de ta i l s  of t h i s  system a r e  contained i n  Appendix C. 

The experiments planned for t he  ELRPLL require t h e  use of an ac- 

curate s t ab le  s igna l  generator w i t h  cal ibrated FM and additive,  band- 

limited, white, gaussian channel noise. %ince there  w a s  no readi ly  

avai lable  device meeting the  requirements;, t he  system shown i n  Figure 

4.2 was b u i l t  i n  t h e  laboratory, 

The VCO frequency i s  controlled by t h e  sum of the  modulation at-  

tenuator and c a r r i e r  frequency s e t  outputs, %he output l e v e l  of t he  VCO 

i s  s e t  by an at tenuator  and added t o  the  attenuated input noise, The 

spectrum of t h i s  gaussian noise is  essent ia l ly  f la t  up t o  200 x(Mz. The 

combined s igna l  is  passed through a band pass f i l t e r  w i t h  a center 
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Figure 4,2, Signal Generator and Channel. 

frequency of 100 KHz. and a 3 db bandwidth of 10 KHz. This f i l t e r  has a 

7 pole butterworth response, Its purpose i s  t o  simulate the band pass of 

the  receiver  t ha t  normally preceeds a PLLo 

es t h e  s igna l  plus noise l e v e l  so t h a t  i t s  m a x i m u m  amplitude is 3 'IT RMS, 

The output amplif ier  fncreas- 

The S/N l e v e l  a t  the  output can be varied over a -60 t o  60 db range, 

and t h e  frequency over a range of 95 t o  105 KEz, 
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This chapter describes the  acquis i t ion time experiment for the  

ELWLL and presents the experimental results. 

t i on  t i m e  model is  presented and dfseussed, 

An approximte acquisi- 

One of the  most important parmeters of any PLL system i s  i t s  ac-  

qu is i t ion  time, 

unknown because of doppler s h % f t o  

Often %he ca r r i e r  frequency of E$ received si 

If the  G/N l eve l  i n  a, 

c ien t ly  letrge t o  include the pnnknossaa frequency carrier, i s  much less 

than 0 db it can be very difficult t o  locate  the carrier and determine 

i t s  frequency 0 

One of t he  uses of a PLL is t o  d e ~ e ~ i n e  -the frequency of such a 

signal. However, f t  i s  often necessary that t h i s  acqui~ition take 

place as quickly 8s possibleo Viterbi 6311 has ahom that when t he  

S/H is h r g e  the  acquisition t i m e  of a fs proportioml to t h e  squ@,r@ 

I n  Chapter 1x1 

the l i t e r a t u r e  

it is also found ,to be t r u e  for  

led no theore t ica l  o r  ex- 

order PLL acquisftfon t i m e .  

f o r  t he  first order PLL. mere- 

fo re  a great a m o u n t  of -time was spent i n  a e t e ~ i n i n g  an acquisition time 

i s  model includes the effect of loop bandwidth, damping ratio 

and 8, VCO frequency error ,  S/H level and ca r r i e r  frequencyo 

es the experimeUbo Seetion 5,Z? presents %he ex- 

perimental data and Section 5 0 3  presents and discusses a regression 

4 

P '  

I 



47 

analysis  model obtained f o r  t h e  ELRPLL. 

5.1. Acquisition Time Experiment 

Acquisition time i s  defined ra ther  loosely i n  the  l i t e r a t u r e  a6 t h e  

length of t i m e  needed f o r  a PLL t o  acquire synchronization, In t h i s  

study a measurable c r i t e r i a  i s  defined by (2,9), (2,10), and (2011)e  The 

f irst  equation l i m i t s  t h e  maximum frequency er ror  t o  BL/2 f o r  acquis i t ion 

t o  be completed. The second requires tha t  t he  i n i t i a l  and f inal  f r e -  

quency errors  need t o  be of opposite sign and the  last requires that t h e  

phase e r ror  be l e s s  than one twentieth of t he  phase error  range. 

Figure 5.1 i s  a block diagram of t h e  Acquisition Time Experi- 

mental Set Upp 

i s  Figure 5,2, 

incidence logic  and a control system, 

t o  various points i n  t h e  ?3LWLL system. 

used t o  t e s t  when t h e  phase e r ror  passes through zero- 

t he  coincidence logic  generates a start output and closes t h e  loop f i l -  

t e r  re lays  RLl through RL and opens the i n i t i a l  condition applying r e -  4 
lays  RL through RL This determines t h e  i n i t i a l  phase and frequency 

errors .  The start output a l s o  starts t h e  counter t imer,  Two more l e v e l  

detectors a r e  used t o  determine when (2,g) through (2,111 a r e  s a t i s f i e d e  

When t h i s  occurs the  coincidence logic  generates a s top pulse t o  s top t h e  

timer and open RLl through EL4. This puts a "hold" on the  integrators  i n  

the  loop f i l t e r ,  The coincidence logic,  when i n  the  automatic mode, auto- 

matically resets t h e  control system after one second and repeats t h e  above 

The block diagram of the  ELRPLL and Loop Control System 

The control system consists of s i x  l eve l  detectors, co- 

The l e v e l  detectors a r e  connected 

One is connected t o  528 and i s  

When t h i s  occurs 

5 7" 
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process, 

the E&RF'LL input it i s  necessary t o  take several  samples a t  each paramet- 

e r  point i n  order t o  determine t h e  s t a t i s t i c s  of t he  acquis i t ion time. 

Further infonmtion concerning the  operation and description of t h i s  con- 

t r o l  system i s  contained i n  Appendix Do 

This f a c i l i t a t e s  t he  taking of data. If noise i s  included i n  

Using t h i s  system, s t a t i s t i c a l  acquis i t ion  time data i s  obtained 

fo r  several  ELRPLL and s igna l  parameter values. 

varied are t h e  ELRPLL damping r a t io ,  t h e  phase e r ro r  range constant N, 

t h e  S/N level ,  t he  i n i t i a l  frequency e r ro r  and the c a r r i e r  frequency. 

The parameters that a r e  

5,2,  Acquisition Time Data 

This sect ion presents t h e  normalized acquis i t ion  t i m e  data.  This 

data i s  plot ted as a function of M/S l e v e l  on log/log p l o t s *  

has a legend giving the  values of C 9  BL, M R 9  and No 

B c h  graph 

There a r e  separate 

graphs f o r  d i f f e ren t  values of c a r r i e r  frequencyo The c a r r i e r  frequency 

i s  normalized w i t h  respect t o  the  IF center  frequency and bandwidtho 

f "  =. f c  - fo  
c BIF 

The low S/N acquis i t ion  time data i s  normalized with respect t o  the  

high S/N acquis i t ion  time data t o  f a c i l i t a t e  a comparison of t he  data 

f o r  d i f fe ren t  parameter values. The S/N l e v e l  i s  normalized w i t h  re- 

spect t o  t he  E&RPLL bandwidth €#.," 

Since , there  i s  a la rge  number of data sets f o r  t h e  cases of f "  = 0 

and cl, two graphs each are used t o  present t h i s  data.  

Figures 5.3 through 5.9 are the  graphs of t he  normalized acquis i t ion 

time versus the  N/S l eve ls .  

decreasing S/N l eve l ,  

For most cases the  acquis i t ion  increases w i t h  

The f e w  exceptions are for ce r t a in  cases when 

'I 
" i  

1 
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Figure 5.3. Second Order ELRPLL Acquisition Time versus S/BI i n  ELRPU 
Bandwidth for the Case of' 0 Hz. Carrier Frequency Offsot 
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Figure 5.7. Second Order ELRPLL Acquisition Time veraus S/N in =LL 
Bandwidth for the Case of .25 Hz. Carrier Frequency Offset 
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For e i ther  case the  majority of the  noise generated cycle s l i p s  are i n  

the  opposite direct ion as those due t o  frequency error, 

that  t h i s  condition tends t o  decrease the  acquis i t ion t i m e  but t he  

mechanism is not w e l l  understood, 

It i s  proposed 

The slope of Ta w i t h  respect t o  N/S i s  strongly dependent on fc and 

For l a rge  IN and f c  t h i s  slope i s  greatest  and for  small I and la rge  

the  r a t e  is s m a l l .  

N o  

For small fc  the  s lope i s  a decreasing function 

This  sect ion introduces a mathematical curve f i t t i n g  procedure 

cal led regression analysis,  and presents a mathematical model t h a t  pre- 

d i c t s  the average acquis i t ion t i m e  as BZ function of several E 

t e m  and s igna l  parameter valuese 

Regression analysis  [ 8 ]  i s  a technique whereby a mathematical model 

f o r  predicting an event can be determined from experimental measmemerits 

of that event. 

c ients .  

the data wi th  a minimum square e r ror  goodness of fit, 

The user must supply a model with undetermined coeffi- 

llhese are optimized by the regression so tha t  t he  model f i t s  

Ideally, one needs t o  h o w  the nature of" t he  model. When this  i s  

not known, in tu i t i on  based on examination of the  data must be employed 

t o  determine an i n i t i a l  model. 

can analyze the  residuals  or differences between the data and t h e  

After t ry ing  t o  optimize t h i s  model, one 
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prediction t o  obtain ideas  for  improving t h e  nature of the model. 

process i s  repeated u n t i l  the  desired degree of accuracy i s  at ta ined.  

This 

A disadvantage of regression analysis i s  t?x%t the  models obtained 

are usual ly  very complex because t h e i r  t r u e  nature i s  unknown and must 

often be guessed. Therefore a d i g i t a l  computer i s  of ten necessary t o  i n -  

t erpr e t  the mod e l  

An advantage of regression analysis  i s  tha t  it simplifies interpola- 

t i o n  between t h e  or ig ina l  data points.  This i s  very d i f f i c u l t  t o  do wi th -  

out a model when the  data is  s tocas t ie ,  or i f  a multidimensional, or mul- 

t i p l e  order interpolat ion is desiredo 

not useful  f o r  extrapolation beyond the data. 

However the  regression model i s  

To be more precise  Pet there  be L data samples. Le& Xi be a 6 e l e -  

ment c o l m  vector where i t s  elements are the values of s i x  parameters 

of the EILRPLL and the  s ignal  for t he  f t h  sample, Let Ta(Xi, B) be the  

model f o r  t h e  predicted acquis i t ion t i m e  where B fs a K component vector 

A 

of parameters t o  be optfmized, The c r i t e r i a  of ~ p t i m a l i t y  i s  the mini- 

mization of 
P n 

where wi i s  %he weighting associated w i t h  the  i t h  data sample, Taio 

Throughout t h i s  study the  weighting used i s  t h e  inverse of the  variance 

of t h e  da ta  sample. 

point i n  the parameter space, 

variances of the sample means are a l s o  calcuiated,  

determine t h e  weights, 

For t h i s  reason 10 data samples a r e  taken a t  each 

These a r e  averaged t o  determine Tai e The 

These are used t o  
2 The variable R i s  a como~~Ey used goodness of 

f i t  c r i t e r i a ,  It i s  given by 
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i =1 

where 

2 A 2 2 
A perfect  f i t  y ie lds  an R = 1. 

analogous t o  the  square of t h e  commonly used correlat ion coeff ic ient  p.  

T,CX~; E)  = Fa yields  R = 0 ,  R i s  

A non-linear regression analysis computer program cal led  ea^^^^ and 

a l i nea r  regression analysis  program cal led W P  obtained from the f ir-  

due 'University S t a t i s t i c s  Department a r e  u s k  t o  se l ec t  B such t h a t  (504)  

i s  minimized. 

f o r  several  models. 

r e su l t  f o r  lock time equation (3.36) gives an R of e985, Here t h e  data 

included i s  f o r  baseband $/Ea 

WRAP i s  used t o  analyze the  high S/B subset of t h e  data 

It i s  found that  a modification of Vfterbi 's  1311 
2 

A U  35 db, The high $/Ea model, Tah i s  

The prime indicates  normalization w i t h  respect t o  %. The values of Bi 

a r e  given i n  Table 5010 

The theo re t i ca l  r e su l t ,  equation (3.36),  corresponds t o  t h e  B term 

The mlue of 9 = .1784026 compares favorably w i t h  K1 = 01490 
7 

i n  (5@7) .  

The l i nea r  terms i n  M", 3 and B and t h e  constant terms, Bl and 5 

'j 

c 
1 
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Table 5 

High S/N Bi f o r  i = 1 t o  10 

I 
, "1  

4 

Bi i 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1% 0 2357 - 4,746776 
- 5.348066 

- ,1380053 
03686420 

1784026 
2 494088 

- ,006256406 
- .O08781083 
- 02359511 

B2 improve the  experimental model f o r  small 
@ I/N 

The data f o r  la rge  IAf@{/lta appears t o  depart from a quadratic de- 

again, pendence upon lAf'1 and approaches a l i nea r  dependence on 

There does not appear t o  be a theore t ica l  reason f o r  t h i s  change but it 

seems t o  be a l imi ta t ion  caused by d r i f t  of the  voltages and components 

i n  the  experimental system, This e f f ec t  i s  included i n  the  regression 

model by the th i rd  and fourth order te rns  of Ibf"l. This e f f ec t  could 

be included i n  a more accurate way by dividing the above model by a first 

order polynominal i n  lbf' i/EQ This w a s  not done s ince V W  is  only ap- 

pl icable  t o  models t h a t  a r e  l i nea r  i n  Bio 

continuousnon-linearmodel and could be applied here but t h i s  e f fec t  

i s  pa ras i t i c  and therefore  not of theore t ica l  importance, 

t i on  along t h i s  l i n e  was not carr ied fur ther .  

~~~~~ i s  applicable t o  any 

The investiga- 

After t ry ing  several  models f o r  t he  general S/D case it was deter-  
. *  

mined that t h e  acquis i t ion time dependence on the  S /N i s  best  approxi- 

mated by an exponential functfow EaOMLIM i s  used t o  obtain an optimum 
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s e t  of parameter values for  the exponential model. The model is  

where 
f r n  c = [f, - f0l/BL 

%he optimum s e t  of Bi9 i = 1, o o o  , 39 i s  given i n  Table 5,2, It i s  not- 

ed tha t  the  values of Big i = 1, o o o  10 are only s l igh t ly  d i f fe ren t  
2 

Prom those given i n  Table 5010 This  model r e su l t s  i n  an  R of .988, 

It should be emphasized that the  l o w  S/E model is emperically de- 

rived and that addi t iona l  data will probably give much greater insight  

as t o  the exact nature of the low S/Sa acquis i t ion time dependence on f:, 

5 9  BL9 N and S/No An examfnation of the  residuals based on t h f s  

model indicates tha t  the  f i t  f o r  most of %he data i s  qui te  good, 

are cases f o r  which the f i t  i s  pooro 

There 

These are f o r  la rge  If:l and large 

M. There a r e  a l s o  several  values of Ai?” f o r  which the  f i t  i s  poor, 

These a r e  - 1.33, 2Q67 and A f ”  2 - 7.8, 

eral trend since f o r  Af * = - 2.67 the  f i t  i s  good. 

There does not seem t o  be a. gen- 

For f: = - .25, it appears t ha t  the  model i s  pooro For t h i s  case 

t h e  i n i t i a l  and f i n a l  frequencies are on symetrically opposite sides of 

the  input noise sgectrwnJ For the other data, both points a r e  on t h e  



Table 5a2 
F i n a l  B. for i = 1 to 39 

1 

i Bi 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
If 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

139 0325458 
- 4,8543155 
- 50789~~1_18 

- 0131120192 

174072319 

0376510209 

2 0 75745172 

- 0~~5556~8252 

- 0291347655 
-25 0 102571 
116 432715 

., 00961498892 

- 8039448372 
136 e 7803 42 

- 29.5281854 
- 63.6606611 
11 0358370 
71.858413 
1 17281344 

0 0479439537 
0216635654 

0047607905 !3 
- 30.8514584 

10 56316733 - 3.24723681 - 42,7491549 - 1,21578248 
9.77283735 
37 03890090 - 4.68228870 

86 0 958075 5 

34 0 942193 7 

~50814398 

1809 18859 
331 0 694756 

-2538.86699 
186 766918 
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same s ide  of t h e  spectrum, 

complicate the model. 

It appears t h a t  t h e  former condition tends t o  

It i s  believed t h a t  t h e  model would have been eas ie r  t o  obtain and 

in te rpre t  i f  fewer parameters had been investigated.  

d a t a  had been r e s t r i c t ed  3x1. the  case of f: = 0, 5 = 1 and BL = 75. 

considering more points of Af, S/M and M, and a more uniform select ion of 

points i n  t h i s  space, it would have been possible t o  obtain a more mean- 

ingfu l  and accurate model. 

That is ,  i f  the  

By 

It is  possible t o  give a f e w  ru les  of thumb concerning the  low S/N 

acquis i t ion timeo In  general t he  data indicates  t h a t  the  acquis i t ion 

time has an exponential dependence upon the  M/S l eve l ,  For a l l  cases 

considered it i s  conservative t o  say tha t  

(5  

1. , 
4 

" 

.i d 

"E li 
- >  



VIo ~ ~ I ~ T A L  THRESHOLD 

The FM threshold experiment fo r  t h e  ELRPLL i s  described and t h e  

r e su l t s  a r e  presented i n  t h i s  chapter, A few general conclusions a r e  

made 

I n  view of t he  diff icul tLes experienced by other  authors i n  a t -  

tempting t o  obtain a theore t ica l  model fo r  t he  PLL threshold it seems 

desirable t ha t  an experimental investigation of the ELRPLL threshold be 

conducted, 

The first problem i s  the  select ion of a threshold c r i t e r i a o  Then 

an experiment i s  designed t o  determine conditions f o r  which the c r i -  

t e r i a  i s  sa t i s f i ed ,  An experimental system i s  designed and implemented, 

After these preliminaries data i s  taken using the  experimental model. 

This data i s  analysed t o  determine when the threshold c r i t e r i a  i s  satis- 

f ied 

This chapter s e l ec t s  a threshold c r i t e r i a ,  describes an experimental 

procedure t o  determine threshold along with the  experimental system and 

presents data i n  graphical form taken using t h i s  experimental procedure. 

This i s  done f o r  a c lass  of signal and ELRPLL parameter valueso The 

c lass  includes several  values of sinusoidal modulation frequency, ELEE'LL 

damping and M. For comparison, data is  taken for  a first order ELRPLL 

and f o r  a PLL w i t h  a sinusoidal phase detector,  A s e t  of p lo t s  is  a l s o  

obtained for various N and modulation bandwidths f o r  the case of band- 

limitectwhite, gaussian, random modulation, 
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6,1, Cri te r ia  f o r  Threshold 

Chapter ICE discusses i n  some d e t a i l  t he  various def ini t ions that  are 

used as a c r i t e r i a  f o r  t h e  FM improvement thresholdo 

fined i n  t h i s  study as t h e  minimum input S/N l e v e l  referred t o  the  output 

band f o r  which there  ex i s t s  a value of the modulation index f o r  a given 

output S/M l eve l ,  

Threshold i s  de- 

The appropriateness of t h i s  def in i t ion  appears when 

one considers a typ ica l  fnput/output SIN p lo t  of an FM[ demodulator f o r  

a c lass  of modulation indexeso 

the boundary of a forbidden region s i m i l a r  t o  that which Develet [61 

En general t h i s  family of curves defines 

gives i n  h i s  Figure 4 f o r  the PLL threshold and Shannon's l i m i t .  This 

def in i t ion  w a s  selected because it seemed t o  provide t h e  best combina- 

t i o n  of the  qua l i t i e s  of measurability and relevance t o  the  i n t u i t i v e  

notion of i n t e l l i g i b i l i t y  of t he  demodulator output. 

used f o r  various modulation spectra,  

It i s  eas i ly  

6.2 Threshold Experiment 

There a r e  a t  l e a s t  two procedures t h a t  can be used t o  determine t h e  

FM threshold of t he  Ep;RPLL using the  above def in i t ion ,  The first,  which 

i s  not used, i s  t o  measure the  output %/N versus input S/N l eve l  and ad- 

j u s t  the  modulation index so tha-b f o r  a given l e v e l  of output S/H the  i n -  

put S/N referred t o  the  output band i s  minimized, 

used, i s  t o  measure and p lo t  the output $/N as a function of the  input 

S/N f o r  a c lass  of modulation indexes., 

d i t iona l ly  t o  demonstrate graphically the  departure of t h e  output S/M 

from 

The second, which i s  

This procedure has been used tra- 

l inea r  dependence upon t h e  input %/No %hen each family of input/ 

output (110) SIN curves i s  completed the  threshold l e v e l  i s  defined by 

a curved l i n e  drawn tangent t o  the  upper l e f t  corner af each curve of the  
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family- 

provides more than j u s t  the  threshold information. 

da ta  

This procedure was chosen i n  preference t o  the  first because it 

It gives 1/0 S/N 

The ELRPLL system described i n  Chapter IV and Appendix E i s  used t o  

determine the 1/0 S/N plo ts ,  

fo r  sinusoidal modulation and par t  two i s  fo r  bandlimited, white, gaus- 

This experiment has two parts. Part  one is  

sian, random modulation, These two 

choices a r e  made because it i s  f e l t  that they represent two extremes of 

t he  various types of modulation waveforms. The f i rs t  i s  the  most deter-  

ministic and simplest of a l l  the non-tr ivial  types of modulation and the  

second represents t h e  most undeterministic and complex of a l l  the  prac- 

t i c a l  types of modulation. 

tremes give a be t te r  fee l ing  for  the  upper and lower bounds of the  

threshold dependence upon modulation spectrum than any other pa i r  of 

choices 

They a r e  consfdered i n  t h a t  order, 

It i s  in tu i t i ve ly  f e l t  that these two ex- 

6.2 8inusoidal &dulation 

The experimental FBI threshold of t h e  ELWLL f o r  the  case of sinu- 

soidal  frequency modulated ca r r i e r  w i t h  additive,  bandlimited, gaussian, 

noise i s  considered i n  t h i s  section, 

the tes t  s e t  upused t o  measure the  1/0 S/H data. 

Figure 6,i i s  a block diagram of 

The sinusoidalmodulation i s  generated by the  HP 200CD signal gen- 

erator ,  

GR 1390B noise generator generates t h e  random signal  necessary f o r  the 

addi t fve channel noise, 

The modulation index i s  s e t  by the  HP 35OD attenuator.  The 

The input SIN l e v e l  i s  s e t  by the  second W 

3501, at tenuator ,  

signal and the  sum i s  f i l t e r e d  by t h e  channel f i l t e r ,  

The frequency modulated ca r r i e r  i s  added t o  t h e  random 

This f i l t e r  has a 

f 
. %  





i 

l i nea r  7 pole butterworth response, The 3 db bandwidth i s  10 KHz. and 

the center frequency i s  100 KHz. 

most receiving systems where a high l e v e l  OS adjacent channel re ject ion 

i s  desired and l i t t l e  frequency d is tor t ion  i n  the  pass band can be t o l e -  

rated.  Appendix C gives more detai led information concerning the  Signal 

Generator and Noise Adder, 

??his approximates t h e  IF response of 

The output of the simulated IF drives the  ELRPLL. The loop f i l t e r  

output of t he  EJ4RPLL drives the  U3-42B LPF. 

but temor th  low pass l i nea r  responseo The f, db cutoff frequency i s  ad -  

justed t o  the  frequency of the modulation as i s  usually done, 

l a t ion  i s  a l s o  delayed i n  the second LM-42D by an amount of time equal 

t o  the  delay of the  channel and demodulator, 

This f i l t e r  has a 7 pole 

The modu- 

The delayed modulation repl ica  and the  demodulator output are com- 

bined i n  the  Threshold @?est Fixture,  Appendix E gives a detai led de- 

scr ipt ion of t h e  Threshold Test Fixture and i t s  pr inciples  of operation. 

This f i x tu re  operates on the  two inputs and uses a mult ipl ier  t o  provide 

r e a l  time mean square estimates of t he  s ignal  power, the s ignal  plus 

noise power and the  noise power, These a r e  measured by the  Dig i ta l  E)C"W, 

The d a t a  obtained i n  t h i s  manner i s  computer processed t o  correct 

for known measurement biases, such as meter loading of t he  c i r c u i t s  and 

non-ideally bandlimited channel noise spectrumo 

Appendix E, 

i n  t he  output band i s  calculated,  

through 6,14, I n  each f igure t h e  110 S/lM referred t o  the  output band i s  

plot ted f o r  several  values of the REtIS modulation index. ??he RMS modula- 

t i on  index i s  defined as the  RMS frequency deviation divided by t h e  

modulation frequency or bandwidth. This  i s  done t o  f a c i l i t a t e  a 

POP further d e t a i l s  see 

From the  corrected data an estimate of the  output S/R level 

This data is  plot ted i n  Figures 602 



comparison of t h e  threshold results f o r  the  sinusoidal modulation case 

w i t h  those fo r  t he  random modulation caseo On a l l  t h e  I / O  S/M curves 

the modulation index i s  labeled i n  db and i n  r a t io .  In each case the  

number i n  parentheses i s  the  r a t i o ,  

of the  r a t io .  The term €3 i s  the modulation index. 

Mere db is  understood t o  be 20 log  

Throughout t h i s  study the  modulation frequency has been normerlizedo 

Fais i s  done by dividing the  modulation frequency o r  bandwidth by the  

bandwidth of t he  ELRplLLo 

The output noise is determined by subtracting t h e  output s ignal  

power from the  output power, 

nearly equalo 

a decreasing function of  the output S/M l eve l ,  

only accurate t o  2 s ign i f icant  f igures  f o r  the high S/Ea case, 

the  output S/N l e v e l  calculat ion i s  poor above an output S/N of 10 db and 

is  useless above 20 db, 

l e s s  than 20 db, 

high SIN theo re t i ca l  E4 asymptotes. 

For t h e  high S/H case the quant i t ies  are 

Therefore the  accuracy of the calculated noise power i s  

The measurements a r e  

Therefore 

Data i s  only considered when the output S/H i s  

The high 3 / M  curves are obtained by determining t h e  

Each composite curve i s  based on a 

combination of both t h e  data points indicated on the  p l o t s  and these 

asymptoteso 

Figures 6.2 through 6,5 a r e  the  E/O S/N curves of t h e  second order 

ELRPLE f o r  a modulation frequency of .133, damping r a t i o  of l a n d  fo r  

values of N = 1, 2, 8, and 32 respectively,  

maximum modulation index i s  l imited by the  cycle s l ipping of the  ELRPLL. 

En the  la t ter  two t h i s  i s  not t he  case. The e f f ec t  of t h e  cycle s l i p -  

ping due t o  modulation causes t h e  horizontal  displacement of the  curves 

i n  the  neighborhood of 10 db output 3 / M  l eve l ,  

I n  the  f i r s t  two cases the  

A t  high modulation index 



1- I I I 1 
*oo  0 ' 00  10 .00 20 L O U  30 .OO 40 .ou 

Input S/N i n  Baaeband (db) 

Figure 6.2. Input/Output S/N (BRaeband) for a Second Order ELRPItL wlth 
Sinusoidal Modulation Frequency = .133, -ping Ratlo = 1 
and BI = 1 
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Figure 6.4. Input/Output S/H (Berseband) for a Second Order ELRPLL with 
Sinusoidal ModulatLon Frequency = .133, Damping Ratio = 1 
and N = 8 
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Figure 6.5. Input/Output S/N (Beeeband) for a Second Order EZRPU with 
Sinusoidal Modulation Frequency = .133, Damping Ratio = 1 
and M = 32 
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t h e  modulation alone w i l l  cause cycle sl ippingo 

the  highest index used i s  the maximum value that w i l l  not cause cycle 

sl ipping, Here only a very small amount of noise i s  needed t o  cause 

InFigures 6,2 and 6 0 3  L 

cycle s l i p s  during modulation peaks. These cycle s l i p s  cause d is tor t ion  

and hence suppression of t he  output s ignal  and the  discont inui t ies  gen- 

erated as a r e su l t  cause the  output noise t o  increase rapidly w i t h  a 

s l igh t  decrease i n  the  input SIR l eve l ,  

Figure 6.2 f o r  f3 2 8 db have a l e f t  s h i f t  for  increasing input S/H near 

the output l e v e l  of 10 db and appear t o  have steeperslopes-to the r igh t  

of t h i s  s h i f t ,  

Because of t h i s  the  curves i n  

A similar phenomenon i s  apparent i n  Figure 6,3 for  

B 217 db and i n  several  other f igures ,  

Figure 6,6 i s  a comparison of the  threshold curves obtained from 

Figures 602  through 6,5. Fach threshold l i n e  i s  obtained by construct- 

ing a curved l i n e  tangent t o  the  threshold break point of the  curve f o r  

each value of modulation index, 

t o  obtain I / O  data fo r  a continuous c l a s s  of P o  Therefore the threshold 

curves a r e  approximated between tangencies by a smooth curved l i n e  drawn 

Th i s  i s  done since it is not possible 

so that the tangent l i n e  and i t s  derivative a r e  continuouso 

i s  a comparison of t he  threshold curves fo r  several  values of B fo r  f ”  = 

Figure 6,6 

m 
*133 and 5 = 1, It i s  noted t h a t  t h e  case of N = 0 i s  f o r  a P U  w i t h  a 

sinusoidal phase detector charac te r i s t ico  This data is  obtained from 

Figure 6 ~ 8  and i s  included here f o r  comparison, 

Hote t h a t  fo r  input S/M < 14 db, M = 0 gives the  lowest threshold, 

For input 8,h B 21 db %Q = 32 gives the lowest threshold of t h e  c lass  of 

N considered, Between these two leve ls  of input %/a, 8 =: l i s  optimum, 

For input S/N < 22 db, N = 2 y ie lds  the  highest threshold, It i s  
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not understood why th i s  O ~ C U P S  since f o r  Figure 6,16 the  threshold l eve l  

i s  monotonic i n  B a t  the  high and low G/N ends of the  curveso 

For suff ic ient ly  high modulation index, t he  threshold l i n e  i s  deter-  

Therefore the  threshold l i n e s  theore t ica l ly  ap- mined by the  modulation. 

proach an  angle of 4500 

2,  

not shown 

%his is  c lear ly  seen t o  occur f o r  IN = 0, 1 and 

However t h i s  portion of the  curves f o r  W 2 8  is off t he  graph and f s  

When t h e  input S/N l eve l  i s  greater than 21 db the  Lhreshold of the 

ELEPLL f o r  .N 2 8 i s  a t  l e a s t  4 db greater  than t h a t  of a $LE. 

input S / B  l e v e l  i s  greater than 22 db and .N 2 8 the threshold improvement 

i s  greater  than  15 db,  

When the  

Figures 6,7 and 6,8 a r e  the  I /O  S/H curves f o r  the  case where %a i s  

1, modulation frequency i s  o133 and damping r a t i o  i s  .5 and 2 respec- 

tivelyo 

cycle sl ipping, This causes a horizontal  o f f se t  similar t o  tha t  i n  

Pfgures 6,2 and 6.,30 

Here the  mxfmum modulation index i n  both cases i s  l imited by 

The threshold of the  ELRPLL f o r  fi =. .133, PJ = 1 and several  values 

of 

6~~ ti08 and 60140 

a r e  compared i n  Figure 6,9, %is data i s  obtained from Figures 6,2, 

"$he case of 5; = a  i s  f o r  a f i rs t  order EL 

The threshold is lowest fo r  the f irst  order ELRPLL except fo r  input 

I n  t h i s  region it i s  concluded S/N l eve ls  i n  the  neighborhood of 20 db, 

t ha t  f o r  5; 2 1, 

so close together,  

function of 6. 

has no effect  upon the  threshold s ince  the  curves a r e  

Outside t h i s  region the  threshold i s  a monotonic 

Figures 6 ~ 0  through 6,12 a r e  the  110 S/E curves f o r  t he  L f o r  

the case of M = 1, 5 = 1 and modulation frequencies of .267, 0 ~ 6 7 ,  and 



Figure 6.7 Input/Output S/W (Baseband) for a Second Order ELRPLL with 
Sinusoidal Modulation Frequency = .l33, Damping Ratio = .5 
and W = 1 
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Figure 6.8. Input/Output 8/H (Baseband) for a aecond Order ELRPI& with 
Sinusoidal Modulation Frequency = ,133, Ikntglag Ratio = 2 
a n d H = l  
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Figure 6.9. FM Threshold Curves for a First and Second Order ELRPU 
with Sinusoidal Modulation Frequency - .133 and El = 1 
for Several Damping Ratios 
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Figure 6.12, Input/Output S/N (Baseband) for a Second Order ELRpltL with 
Sinuaoldal Modulation Frequency = .027, Damping Ratio - 1 
and I = 1 
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.O27 respectively. 

l imited by cycle s l ipping* 

offset  of t h e  curves as mentioned above i s  evident i n  t h e  0 t o  10 db 

output S/N region ., 

For a l l  three cases t h e  maximum modulation index i s  

I n  each of these cases t h e  same horizontal  

The thresholds f o r  t h e  ELRPLL with N = 1, 5 = 1 and several  values 

of f "  are compared i n  Figure 6 . ~ 3 ~  

6.2, 6.10, 6,11 and 6.~2, 

This d a t a  i s  obtained from Figures m 

The threshold i s  loweved f o r  input S/N > 18 db by decreasing f i  

and f o r  S/N <; 18 by increasing fro 
be reduced f o r  high input S/N l eve l  by increasing the  loop bandwidth. 

Since f i  = fm/BL t he  threshold can 

Figures 6.14 and 6,15 are t h e  1/0 S/N curves of t he  f i rs t  order 

ELRPLL f o r  t h e  case of -133 modulation frequency with N = 1 and 2 re- 

spectively.  In  both cases t h e  same horizontal  o f fse t  as mentioned i s  

evident 

The thresholds f o r  these cases are compared with t h a t  fo r  t h e  

f i rs t  order PLL w i t h  sinusoidal phase detector i n  Figure 6 ~ 6 ,  

fo r  t he  l a t t e r  case (Sa = 0 )  i s  obtained from Figure 6 ~ 7 .  

The data 

When t h e  input SIR l eve l  i s  greater than 21 db the  first order 

ELRPLL has a lower threshold than t h e  PLL and t h e  threshold i s  a mono- 

tonic  function of N o  Below t h i s  l eve l  t h e  relat ionship i s  reversed and 

the  PLL has t h e  lowest threshold, However t h e  threshold improvement of 

t h e  PLL i s  l e s s  than 2 db worst case and t h a t  of t h e  ELRPLL f o r  input 

S/N 25 db i s  be t t e r  than 15 db. 

I n  order t o  provide a meaningful means of comparing t h e  threshold 

properties of t h e  ELRPLL with those of a PLL having a sinusoidal 
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Figure 6.16. F'M Threshold Curves for a First  Order EZRPU and a F i r s t  
Order PLL with a Sinusoidal Phase Detector Characteristic 
(a = 0) for  Sinusoidal Modulation Frequency .173 



charac te r i s t ic ,  a set of data i s  obtained f o r  t he  U t t e r  system using 

the same equipment, The f i r s t  order and second order loop w i t h  5 = 1 

a r e  considered f o r  t h e  case of 0133 modulation frequency. !Phis data i s  

presented i n  Figures 6.17 and 6 2 8  respectivelyo The threshold f o r  the 

f irst  order PILL and f o r  the second order PLL with 5 = 1 a r e  compared i n  

Figure 629. It i s  apparent that the f i rs t  order PHIL has a 2 db lower 

threshold than the second order P U  with 5 = 1 f o r  high S/W levels. It 

i s  also apparent t h a t  the  first order PLL can demodulate a s ignal  w i t h  

a s l i gh t ly  higher modulation indexo ompring Figures 6,9 and 6,19 it 

i s  noted that the  first order ?ZLWLL a l s o  has a s l i g h t  threshold ad- 

vantage a t  high input S/N levelso 

In  general it i s  concluded t h a t  f o r  the  case of sinusoidal modula- 

t ion  there  a r e  2 mechanisms whereby one can exchange low input S/N 

threshold f o r  high input S/N ihreshold0 

i s  c lear  t h a t  increasing B improves the  high S/H %hreshold of t he  

ELRPLL. 

S/Sa threshold,  

From Figures 6 0 6  and 6,16 it 

Prom Figure 6,9 one sees t h a t  increasing ]Fa improves t h e  high L 
A comparison of the  three  f igures  shows that  f o r  the  

cases considered the  same imprmennemt i n  threshold can be obtained by a 

2 t o  1 change i n  B o r  0 since it is  easier t o  increase 

optimum FM demodulator of those considered i s  the 

Then one can optimize 

range of i n t e re s t  

fo r  t h e  lowest threshold f o r  the input 

6,2,2, Random Nodulation 

The experimental threshold of t h e  RfiL fo r  the  case of h n d -  

limited, white, gaussian, randomly modulated ca r r i e r  vrith independent, 

additive,  bandlimited, white, gaussian, channel noise i s  considered i n  
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t h i s  section, 

measure the I / O  S/M data,  

Figure 6,20 i s  a block diagram of t he  t e s t s e t  upused t o  

The random modulation originates i n  the  GR l39OB noise generator, 

The modulation l e v e l  o r  index i s  s e t  by the  l e f t  p5OD at tenuator ,  Be- 

cause it i s  desirable t o  have the  modulation spectrum flat  down t o  zero 

frequency and since the  GR l39OB has a l o w  frequency cutoff of 5 Hz, it 

i s  necessary t o  frequency t r ans l a t e  t h e  noise generator spectrum, This 

i s  done by the  Random Modulation Generatora 

d e t a i l s  concerning the  operation of t h i s  t e s t  f i x t u r e o  

the modulation i s  shaped by one section of the  302 f i l t e r ,  dmj s 

Appendix F gives fur ther  

%e spectrum of 

e lectronic  f i l t e r  hezs a controllable cutoff frequency and a J pole but- 

t emor th  response, The noise generator also p r ~ ~ i d e s  $he random signal  

necessary f o r  t he  channel noise. The spectrum of the  noise i s  bandlimit- 

ed and added t o  the  modulated ca r r i e r  as described i n  Section 6 , 2 ~ .  and 

Appendix @, 

that used f o r  channel noise do not overlap the  two signals are indepen- 

dent, "fhe output of the  simulated IF drives t h e  E,  The loop f i l -  

t e r  output of the  

pole low pass butternorth l i nea r  r e s p ~ n s e ,  

adjusted t o  equal that of the  modulation, 

Since the  spectrum of the  noise used f o r  the modulation and 

PLL drives the SKL 302 LPF. This f i l t e r  has  a 3 

Its J db cutoEf frequency is 

The modulation is  also delayed by the  two cmcadeds 

LE-42D fo r  an amount of time equal t o  %be delay of the  combined channel 

and demodulator, It i s  important fo r  th i s  f i l t e r  t o  not cause excessive 

frequency d is tor t ion  of the  modulation waveform. 

section of a low pass f i l t e r  i s  inversely proportional t o  the  cutoff f r e -  

quency it's necessary t o  cascade the  sections of t h e  M-4211 i n  order t o  

Since t h e  delay per 
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have suf f ic ien t  delay without frequency d i s to r t iono  The same Threshold 

Test Fixture as used i n  Section 6,2,1 i s  used here t o  provide estimates 

of the s ignal  and noise powerso 

as beforeo 

i t s  operation, 

These a r e  measured by the d i g i t a l  

Appendix E describes t h i s  t e s t  f i x tu re  and the pr inciples  of 

The data obtained i n  t h i s  manner i s  computer processed t o  correct 

for known measurement biases, such as meter loading of test  c i r c u i t s  and 

non-ideally bandlimited channel noise spectrumo 

Appendix E,  

i n  t h e  output band i s  calculated,  

For fur ther  de t a i l s  see 

From t h e  corrected data an estimate of the output SIN l eve l  

This data i s  p lo t ted  i n  Figures 6,21 

through 6,26, 

plot ted for several  ?aalues of t he  mOdu1~tiOn index0 

t ions  used i n  Section 6 , 2 , l  a r e  used hereo 

In each f igure the I / O  S/R referred t o  the output band i s  

e same defini- 

Figures 6,21 through 6,23 are the  I/Q S/lN curves of the  second 

for a modulation bandwidth of o1339 6amping r a t i o  of 1 and 

&’ = 1, 2 and 8 respectively,  

by t h e  frequency d is tor t ion  caused by %he ~~~~ t ransfer  function. 

’%he maximum output 81% Level i s  l imited 

Figures 6,24 through 6,26 a r e  the  I/O Sill curves of the second or-  

der ELWLL f o r  a modulation bandwidth of 0067, damping r a t i o  of 1 and 

% = 1, 2 and 8 respectively,  

ed here by the  frequency d is tor t ion  caused by the  

t i on  but the l imitat ion occurs a t  much higher index l eve l so  

The maximum output %/E l eve l  i s  a l s o  l i m i t -  

ab, t ransfer  func- 

The threshold curves f o r  t he  data in Figures 6021 through 6,26 are 

iFhe threshold a t  low input S/N i s  increased by plot ted i n  Figure 6,27, 

decreasing lN or  decreasing B , t he  modulation bandwidth, 

20 db the  threshold i s  decreased by increasing R f o r  the  cases considered, 

For input Si.@ 
m 
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Figure 6.22. Input/Output S/H (Baseband) for a Second Order ELRPU 
Using FM with .l33 Bandwidth Random Modulation, Damping 
Ratio = 1 and 1p = 2 
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Figure 6.24. InputlOutput S/N (Baseband) for a Second Order ELRPLL 
Using FM with .067 Bandwidth Randan Modulation, Damping 
Ratio = 1 and B = 1 
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Figure 6.26. Input/Output S/N (Baseband) for a Second Order ELRPLL 
Using FM with .067 Bandwidth Random Modulation, Damping 
Ratio = 1 and €4 = 8 
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Figure 6.27. FM Threshold Curves for a Second Order l8LRPLL with Damping 
Ratio - 1, Random Mdulation and Several Values of H 



Additional data i s  needed t o  determine absolutely whether the  threshold 

cumes for  Bm = .067 cross. 

Figures 6,6, 6,16 and 6.27 f o r  Bm = 0133 tha t  the threshold curves f o r  

Bm = o ~ 6 7  should cross but t h a t  t h i s  occurs a t  a higher output S/N l eve l  

than f o r  Bm = .133. 

output S/N l e v e l  of 23 db and an input S/N l e v e l  of 26 db f o r  Bm = 0 ~ 6 7 0  

!The crossover f o r  Bm = .l33 occurs a t  an 110 SIR of 23 and 13 db respec- 

t i ve ly ,  

increase i n  output S/N leTel by increasing %he loop bandwidth by a fac-  

t o r  of 2 ,  

However one can i n f e r  from the  cases i n  

It i s  estimated that the  crossover takes place a t  an 

Therefore one can trade 3 db of low SIN threshold f o r  a LO db 

Comparing Figures 6,6 and 6,27 it is readi ly  apparent that t h e  

threshold of the EgRPLL i s  much higher for random modulation than f o r  

sinusoidal modulationo The threshold crossover point on the former is 

a t  20 db input and 30 db output SIN l e v e l s o  

improvement w i t h  a 17 db output SIN l e v e l  improvement, 

T h i s  i s  a 3 db threshold 

This means tha t  

the  threshold of the  is very sens i t ive  t o  the  type of modulation. 

The threshold of t he  f o r  3.l = 1 i s  be t te r  than tha t  of the  PLL f o r  

suf f ic ien t ly  high input SIN leve ls  and sinusoidal mo6ulationo Since 

t h i s  improvement i s  caused by a reduction of the r a t e  of cycle s l i p s  due 

t o  moduhtion, it is hypothesized tha t  t he  has a lower threshold 

than the  PLL f o r  a l l  types of modulation. 

t h e  ELWLL compares w i t h  other -types of demodulators such as FM feedback 

However it i s  not c lear  how 

and t h e  discriminator f o r  the  random and other modulation cases since 

the fundamental pr inciples  of operation of these devices a r e  not general- 

l y  comparable t o  those of the  E. Furthemore, t h i s  author has not 

found any invest igat ion of their  threshold properties fo r  %he random 
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modulation case. 

mization f o r  the  par t icu lar  demodulator being used, 

can gain several  db of threshold improvement Just  by choosing t h e  right 

form of modulation, 

An important problem i s  that of signal modulation opt i -  

It appears that one 

Several attempts were made t o  determine a theore t ica l  model fo r  the 

FMthreshold of the ELFPLL. The t r ad i t i ona l  approaches such as Boon- 

toon's technique [ 2  ] and the  quasi - l inear izat ion approaches 111, 301 

require a p r i o r i  knowledge of phase e r ror  PDF. The ELRPLL contains a 

non-linearity as wel l  as feedback which modify the  PDF of t h e  s ignal  

from point t o  point within the  loop, In view of t h i s ,  these techniques 

were not usedo 

Final ly  an attempt was made t o  determine the  r a t e  of 2M cy+e 

s l i p s .  

power can be made i f  the  power t h a t  t h e  noise due t o  2 % ~  cycle s l i p s  

adds t o  the ELRPLL output i s  known. 

proved t o  be mathematically t r ac t ab leo  This technique i s  discussed 

fur ther  i n  Chapter VIP .  

It i s  f e l t  that a first order approximation t o  the  output noise 

Mowever t h i s  analysis  has not yet  

1 
i 
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This chapter discusses and compares the  r e s u l t s  obtained i n  Chap- 

ters III, V and VIo It a l s o  contains a discussion of problems fo r  fur -  

ther  study. 

threshold of the  general ?LL* 

t h a t  m y  lead t o  a solution of the  theo re t i ca l  threshold f o r  a la rge  

c lass  of first order ELL., 

The chief problem f o r  fur ther  study is the  theore t ica l  FM 

A br ie f  ou t l ine  i s  made of a techntque 

Section 7.1 discussesg compares and presents conclusions concern- 

i n g  the L acquis i t ion time, 8ection 7,2 deals s imilar ly  with the  

experimental r e su l t s  for  t h e  FM threshold. Section 7.3 outl ines  areas  

f o r  fur ther  study of the ELRPLL and of the PLae i n  generalo 

7.1. Aequisition Time 

The data obtained i n  Chapters IIE and V i s  compared i n  t h i s  sect ion,  

The theo re t i ca l  acquis i t ion time da ta  i n  Figure 3 0 9  fo r  t h e  case of zero 

i n i t i a l  phase e r ror  i s  compared w i t h  t he  normalized high S/H emerimen- 

t a l  da t a  obtained i n  Section 5.2 and the  high S/N regression analysis  

model, equation (507), i n  Figures TOl, 7.2 and 7.3 f o r  t h e  case of = 

-5, 1 and 2 respect ivelyo 

i s  t h e  theo re t i ca l  r e s u l t ,  

In each case the  s t r a igh te r  of t he  two l i n e s  

The theo re t i ca l  and experimental r e su l t s  agree very closely except 

when IAf'l/R is large.  The experimental system long t e r n  s t a b i l i t y  was 

not su f f i c i en t ly  good t o  obtain accurate acquis i t ion t i m e  data f o r  cases 
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Figure 7.1. Comparison of a Second Order E L W U  Experimental and 
Theoretical  Acquisition Time versus t h e  I n i t i a l  Frequency 
Error for High S/N and a Damping Ratio = .5 
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Theoretical Acquisition Time versus the f n i t i s l  Frequency 
Error for High S/W and a Damping Ratio = 1 
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Figure 7.3. Comparison of a Second Order ELWU Experimental and 
Theoretical  Acquisition Time Versus t he  Initial Frequency 
Error f o r  H i g h  S/N and a Demping Ratio = 2 
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when the  time was greater  than 10 secondso 

case of no channel noise t h e  variance of the  acquis i t ion time for  data 

greater than 10 seconds w a s  as much as 100 times la rger  than that f o r  

shorter timese Theoretically t h e  variance should be zero f o r  the no 

noise caseo The variat ion w a s  due t o  t h e  experimental system d r i f t ,  

Had these problems not existed it is  believed that the  acquis i t ion time 

data would asymptotically approach a quadratic dependence upon lef.'i/Ea 

f o r  la rge  / N 8 1 / N  and the  high S/H caseo 

8/23 acquis i t ion time asymptotes have a slope of 2 on the  log-log p l o t s ,  

It was noticed that f o r  t he  

The theore t ica l  EL 

Therefore t h e  asymptotic dependence upon I&" //N i s  

improvement i n  acquis i t ion time i s  

= .149 T /I? 
6 

In  Seetion 3.6 and Table 5.1 the large IAf' ]/N 

s i t i o n  time dependence on 8 i s  the same as t h a t  f o r  
Ta 2 .14ga 2 (1 + 4 5 2 ) 3 ~ 2 / g 2 ~ 4 8 $  

quadratic and the  

Q7J1 

and high Eqsa acguf- 

a %Lo Therefore 

(7.21 

fo r  ]LSl/NBL 

of the  ELRpJ;E over a 

1 and input S/E >> 0 ,dbo The acquisition time improvement 

is very s igni f icant  even f o r  the  case of N = 1, 

m e r e  i s  no theore t ica l  low S/E~ acquis i t ion time analysiso me 
experimental acqetisitfon time regression analysis gives a model t h a t  es- 

timates t h e  average acquis i t ion time of the  ELRPkE f o r  S/E > 0 db, How- 

ever t h e  dependence upon &', B and fl i s  not accumte fo r  la rge  23 and 

fE+ 
time i s  given from 45 o ~ l ) 9  

Pomp the  data obtained, an upper bound on the average acquis i t ion 

A A 
'a 'ah ~snp[1800 N/S] (793) 

For most cases (7.3) i s  an extremely conservative bound. There a r e  
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a few cases fo r  which t h e  acquis i t ion time i s  a decreasing function of 

N/S. 

and those due t o  frequency er ror  are i n  t h e  opposite direct ion o r  i n  

other words i f  

This occurs f o r  some s i tua t ions  when t h e  cycle s l i p s  due t o  noise 

The data i n  Figures 5 0 3  through 5.,9 indicates  t h a t  t he  acquis i t ion 

mere fo re  it i s  t i m e  f o r  a given input S/B l eve l  i s  lowest f o r  fpn = 0, 

desirable  t o  have t h e  c a r r i e r  frequency near t h e  center of the input 

band. 

of input noise upon acquls i t ion time, 

f: upon Ta i s  very complex and t h a t  of each of these parameters is  not 

independent of t h e  other 

c 

It appears tha t  the  greater  t h a t  lf8*l i s ,  the  greater  t he  e f f ec t  
C 

The e f f ec t  of N, E, ElL, Af+ and 

When 704  i s  not t rue,  there  i s  an input S/N l e v e l  below which ac-  

qu is i t ion  does not always occuro This was experimentally observed when 

the  loop would only acgufre synchronization on some of t h e  tr ials f o r  

these parameter values,, 

be a rapidly decreasing function of B/S f o r  these cases when B/S ex- 

ceeds a c r i t i c a l  l eve l ,  

The probabi l i ty  of synchronization appears t o  

7,2 ,  FM Threshold 

The threshold curves presented i n  Chapker VI are summarized and con- 

clusions concerning t h e  threshold phenomenon are made i n  t h i s  sect ion,  

F i r s t  the sinusoidal modulation threshold i s  considered and then t h a t  

f o r  white, bandlimited, gaussian, random modulation. 

From Figure 6,6 it i s  concluded that  t h e  ELRPLL has a lower thresh- 

old than t h e  PLL f o r  sinusoidal modulation frequency of .,133 and loop 
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damping r a t i o  = 1 when t h e  input S/IN l eve l  i s  greater  than 14  db, 

the input S/N l e v e l  i s  greater  than 20 db the  threshold i s  improved by 

making IN greater  than 8, 

When 

The data indicates  t h a t  t h e  low S/E threshold 

can be exchanged f o r  the  high S/N threshold by increasing M. 

t ha t  one can improve threshold f o r  a given l e v e l  of S/M input by choos- 

It appears 

ing an optimum value of No 

From Figure 6,9 it i s  concluded tha t  f o r  6 5 1 the  threshold i s  a 

decreasing function of 6 f o r  fm = .133 and M = 1, 

there  i s  l i t t l e  change i n  the  threshold f o r  input S/N levels  between 13 

However f o r  5 >1 

and 25 dbo Above 25 db it i s  possible t o  reduce t h e  threshold by i n -  

creasing & without l i m i t ,  The l imi t ing  case of 5 = OQ corresponds t o  t h e  

f i r s t  order loop, 

From Figure 645 it i s  apparent t h a t  t he  l o w  input S/IN threshold 

can be traded f o r  high input S/IN threshold by increasing t h e  loop band- 

width BLo 

high input S/N threshold as a 2 t o  1 increase i n  Io 

of input S/N is  about 17 db, 

t i v e  i n  reducing threshold. 

A 2 t o  1 increase i n  I3 produces about the  same decrease i n  L 

The c r i t i c a l  l eve l  

i s  effec- Above t h i s  level ,  increasing I% 

Figure 6,16 shows the e f fec t  of H upon t h e  threshold of the  first 

order ELWLL with sinusoidal modulation of o133 frequencyo 

put S/E i s  greater  than 22 db increasing B w i l l  reduce the  threshold, 

When the  in -  

The e f fec t  here i s  similar t o  t h a t  f o r  t he  second order loop. Agafn the  

threshold of the  PLL i s  a t  best  only 2 db be t t e r  than the  ELRPLL and f o r  

input S/M greater  than 22 db the  E& L has a lower threshold than the  

PLL 0 

The threshold of t h e  PLL with a sinusoidal phase detector 
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charac te r i s t ic  i s  given i n  Figure 6.19, The f irst  order loop exhibits a 

2 db threshold advantage over t h e  second order loop for 5 = 1, and sinu- 

so ida l  *133 frequency modulation. 

The random modulation case i n  Figure 6.27 has a threshold crossover 

point a t  23 db input S/N for Bm = .l33 and probably near 26 db f o r  Bm = 

.067. 

threshold or" t he  ELRPLL for Bm = .067 is  lower than t h a t  for Bm = -133. 

In  general one can optimize Bm or R f o r  lowest threshold ju s t  as can be 

done with sinusoidalmodulation. However t h e  optimum values are not 

necessarily t h e  same 

When the  input S / N  l eve l  is  greater than 12 db and N = 1, t h e  

I n  general t h e  following statements can be made for t h e  ELRPLL 

threshold with sinusoidal or random modulated signals.  

can be changed by two mechanisms- By increasing B o r  N or both one 

can trade low input S/M threshold f o r  high input S / N  threshold. 

ex is t s  an optimum value of e i ther  parameter, i n  terms of lowest thresh- 

old, fo r  each input S/N level .  

threshold but from the  p rac t i ca l  standpoint of system simplicity it is 

easier  t o  use B This  i s  exactly what daf fe  and Rechtin [ll] propose L"  

f o r  optimizing t h e  standard PLL. From t h e  standpoint of frequency and 

intermodulation d is tor t ion  of t he  output of t h e  ELRPLL, it is  advanta- 

geous t o  use t h e  largest  value of B consistent with other requirements. L 
Further it i s  concluded t h a t  for input 5/63 greater than 14 db it i s  bet-  

t e r  t o  use t h e  ELRPLL than the PLL since t h e  former has a lower threshold 

even for I,V = 1, 

Similarly, t h e  acquis i t ion t i m e  of t he  EZRPLL can be changed by two 

The threshold 

L 

There 

Either parameter can be used t o  optimize 

mechanisms. By increasing B or N o r  both one can reduce the  acquis i t ion L 

1 
." * 
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time, However, here 

preference t o  Eo BL 

there  i s  a theore t ica l  reason f o r  choosing B i n  

has an inverse cubic e f f ec t  upon the  acquis i t ion 

L 

time but I only has an inverse quadratic e f f ec to  f o r  M = 1 

has a high S/M acquis i t ion time that i s  .149 times as long as that f o r  

the PLL. This author could not f ind any study of t he  low S/I acquisi-  

t i on  time of a PLL with a constant plus in tegra l  f i l t e r ,  Therefore, a 

comparison is  not made l o r  t he  low S/H XLFPLL acquis i t ion time caseo 

The le; 

Based on these conclusions it appears t h a t  t h e  WLL has a s igni -  

f ican t  threshold, acquis i t ion t i m e ,  and intemodulation d is tor t ion  ad- 

vantage over the PLL. 

here but it i s  ra ther  e lear  that a more l i nea r  system will cause l e s s  

d i s tor t ion  than a less l inear  one. 

%he last  of these advantages vas no% investigated 

This section poses several  questions tha% need fur ther  investiga- 

t i on  concerning both the  general PLL and the  ELRIPIL%. 

7.3.1. Low S/Ea Acquisition Time 

Further work i s  necessary on the  experimental acquis i t ion time. Ad- 

d i t i ona l  d a t a  i s  needed t o  improve t h e  regression analysis  model., 

par t icu lar  t he  effects  of Bf and f: need fur ther  consideration, 

In  

Bit  the time of t h i s  wri t ing there  i s  no theo re t i ca l  low S/H acqui- 

This appears t o  be a very d i f f i c u l t  problem because s i t i o n  time modelo 

of the  complications caused by the  random cycle s l i p  phenomenon, 

7.5.2. Threshold 

An attempt was made i n  t h i s  study t o  obtain a theore t ica l  threshold 

r e su l t  f o r  the  &RPLLo The approach f s  t o  determine the noise in the  

~i 

i 
i 
i 
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output band of t h e  ELRPLL due t o  cycle s l i p s  of 2Bn radians.  

thesized tha t  threshold begins t o  occur when t h i s  portion of t he  output 

noise power i s  of t h e  same order of magnitude as the gaussian component 

predicted by l inear  analysis  

It i s  hypo- 

In  order t o  determine t h i s  noise power t h e  rate of 2Nn radian cycle 

The phase error  space i s  divided i n t o  M adja- 

The t r ans i t i on  probabi l i t i es  of Cge jumping 

s l i p s  must be determined. 

cent equal length in te rva ls .  

between t h e  i t h  and j t h  regions i n  A time are calculated.  Assuming that 

O i s  a s ta t ionary  random w a l k ,  the  process of jumping between regions 

i s  a s ta t ionary Markov chain. 

an Mth order matrix equation yields  t he  probabi l i ty  mass function of 

Oe being within each region. The rate of 2Nn radian cycle s l i p s  can be 

calculated from t h e  probabili ty mass function and the  t r ans i t i on  proba- 

b i l i t i e s  

e 
Prom these probabi l i t i es  t he  solut ion of 

The d i f f i c u l t  problem here i s  t h e  calculation of t h e  t r ans i t i on  

probabi l i t i es .  This involves the integrat ion of a four dimensional gaus- 

s ian  probabili ty density function. 

integra  1 

The following development gives the 

The probabi l i ty  of Cg jumping from t h e  i t h  t o  the  j t h  region i n  A e 
seconds i s  

- 
‘j/i - 

where P i s  the  jo in t  probabi l i ty  of 

t he  j t h  region a t  t + A f o r  a l l  t and 

the i t h  region. 

i j  

Then PfJ i s  given by 

P, ./Pi 9 (7.5) l J  

being i n  t he  f t h  region a t  t and i n  

P. i s  t h e  probabi l i ty  of being i n  
1 

i 
..3 



where . 
4i = %i <1 M@ e / 2 ~ n  5 i + 13. (707) 

ip, more a s f l y  handled m e  Joint  density function of [@,(t), @,(t Q A) 

i n  t he  rectangular coordinates of t he  mult ipl ier  output variables of 

Figure 4.1 since they are j o in t ly  gaussian when the Poop is open, 

a ro ta t ion  of t h i s  coordinate system by angles of 2iBs~/M and 29N1s/M radi- 

A f t e r  

ans the  j o i n t  probabili ty i s  

- 0  0 0 

determine the  threshold when %he ca r r i e r  is  not centered, 
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APPE2JDIX A 

THEORETICAL ACQUISITION TIME COmTER PROGRAM 

AppendixA contains a description of the  computer program used t o  

obtain the  ELRPLL high S/M t rans ien t  response and acquis i t ion time f o r  a 

frequency s tep  of t he  input s ignal ,  

In  the  t e x t  t h e  d i f f e r e n t i a l  equation describing the  normalized 

ELRF'LL and the  three  cases of solutions a r e  developed. S t a r t ing  a t  t h i s  

point, i n  order t o  calculate  the  t rans ien t  phase error ,  it i s  necessary 

t o  solve a set of non-linear equations fo r  t h e  times that  cer ta in  bound- 

a ry  conditions a r e  met, These boundary conditions a r e  

and 

To make the  program e f f i c i en t  i n  terms of computer time the follow- 

ing procedure i s  used. 

proceduree 

Figure A , 1  i s  an  abbreviated flow chart  of t h i s  

The number of cycles that the  W L L  s l i p s  during acquis i t ion 

i s  re la ted  t o  the  i n i t i a l  frequency error .  

of frequency er ror  that can occur a t  t he  time of t h e  last cycle s l i p  i s  

f i n i t e  and does not depend upon the  i n i t i a l  frequency error  o r  phase 

e r ror  but only upon the loop damping r a t i o .  

However i n  general the  range 

This can be shown by the  following argument, Without loss of gen- 

e ra l i t y ,  it i s  su f f i c i en t  t o  only consider t he  case of posi t ive frequency 
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Figure A , 1 .  Theoretical Acquisition Time Computer Program Flow Chart 
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er ror  because of t he  phase detector 's  odd symmetry, 

e r ror  i s  su f f i c i en t ly  great at  t h e  start  of t he  i t h  cycle s l i p  it w i l l  

be greater  than zero a t  the  beginning of the i + 1st cycle s l i p ,  

If t h e  frequency 

I f  it 

is  greater  than zero when the  phase e r ror  i s  i n  some a r b i t r a r i l y  small 

neighborhood of n, then a cycle s l i p  w i l l  occur, 

quency er ror  i s  l e s s  than a cer ta in  c r i t i c a l  value a t  the  i t h  cycle 

However i f  the  f r e -  

s l i p  then t h e  frequency er ror  w i l l  pass through zero when the  phase e r ror  

i s  l e s s  than n and no fur ther  cycle s l i p s  w i l l  occuro 

quency er ror  at the end of the last cyele s l i p  i s  found by first solving 

The maximum f r e -  

the  following s e t  of equations: 

These are solved using Newton's I t e r a t ion  f o r  A, B and Tm, where Tm i s  

the  smallest T 3 0 sa t i s fy ing  (A,s) through 

phase e r ror  a t  the  end of t he  last cycle s l i p ,  @:(O )mx, i s  found by 

determining Oi(0') f o r  t he  A and €3 obtained from ( A o 3 )  through ( A D 5  

+ 

The minimum frequency e r ro r  a t  t h e  beginning of the  last cycle s l i p  i s  

essent ia l ly  zero merefore  by (A .1) 

i s  calculated,  Then the  decay t i m e  +K , 5 is calculated f o r  
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I 

each @ where T i s  the  first z fo r  which 
eJ dJ 

e;('%> = n / l O  

subject t o  the  i n i t i a l  conditions 

V ( O + )  = - d 
and 

(A.11) 

Then stepping backwards i n  time t h e  program computes using Newton's 

I t e r a t ion  the  times a t  which Q,' i s  d/2, 0, -a/2, and - A radians i n  e 

succession, 

these pointso 

It a l so  calculates  the  frequency error,  of", at each of 

A t  t he  point 4; = - la t he  p h s e  boundary i s  reached and 

t h e  boundary conditions a r e  imposed t o  obtain i' and @: f o r  t he  time Jus t  

after t h i s  point where 4; = d e  

s l i p s  by t h e  program, 

e 

This process is repeated fo r  6250 cycle 

The set of T, 6; and @ "  obtained can be used e 

e i ther  t o  p lo t  t h e  acquis i t ion time curves,Af(Ta = '% 

t rans ien t  response, @:(T~ - T), 
sponding t o  t h e  desired i n i t i a l  I&?" I 

- T), or  t h e  
aj 

'% is  the time of t h e  cycle s l i p  corre- K 

These two procedures are used t o  obtain Calcomp p lo ts  of the  acqui- 

s i t i o n  t i m e  and phase e r ror  t rans ien t  responseo 

values 5 = .25, .35> .5, .7l, 1.0, 1.41 and 2 and f o r  values of 

Oi(0) = - n, 

The former i s  used for 

- 1112, 0,  r~ - r /2~  a, and the  l a t t e r  for  t h e  case of @d(O)  = 0, 

.;I 

i *. 

i 
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Appendix B describes the  technical  details and alignment pro- 

cedures f o r  t he  experfmental ELRPLL system, 

i t s  alignment procedure i s  presented and discussedo 

Each c i r c u i t  diagram and 

Bolo The VCO 

Figure B.1 i s  the  c i r c u i t  diagram of the  VCO, The VCO specif ica-  

t ions  a re :  1, the short  term frequency i n s t a b i l i t y  is less than 1 

Hze/sec, and the long term frequency instabili-ty i s  less than 40 Hz./day; 

2, the  frequency range i s  95 t o  lo5 KEz,; 3 .  the  voltage t o  frequency 

conversion l i n e a r i t y  i s  be t te r  than 1%; 4, the  "JCO has l e s s  than 1 Hz, 

res idual  FM above 1 Hz, bandwidth; 5. t he  frequency dependence upon the 

supply voltage is  less than 10 Hz,/V; 6 ,  t he  two quadrature outputs are 

within .01 radians of being i n  perfect  phase quadrature over the  VCO fre- 

quency range; 7. t he  logic  leve ls  of the  two outputs are greater  than 

three  vol t s  f o r  the  one's case and l e s s  than .5 vol t s  fo r  the  zero's 

case 

In  order t o  provide adequate power supply i so la t ion  a two stage 

posi t ive voltage regulator and a one stage negative voltage regulator 

a r e  used. 

located i n  the  upper l e f t  eorner of Figure Bolo 

The f i r s t  stage of t he  former and the l a t t e r  regulators a r e  

Each regulator is a 

standard negative feedback type- An e r ro r  voltage, generated by zener 
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comparison of the output, i s  amplified and fed back as a correction s ig -  

nal* The m827 zener diode used fo r  a reference i n  the  negative supply 

has a very low,  50 ppm, voltage temperature coef f ic ien t ,  

noise and t rans ien ts  are reduced by the  100 pfd capacitors used on each 

regulator output. 

multivibrator co l lec tor  clamp is  obtained from these two regulators.  The 

VCO co l lec tor  clamp power i s  further regulated by the  second stage men- 

tioned above, 

High frequency 

A l l  power used within Figure Bel except fo r  t h e  VCQ 

This consists of a 1N827 zener diode, 

The VCO s igna l  i s  generated 'by a free running multivibrator.  The 

VCO input, J39 controls t h e  frequency by changing the  charging current 

on the two cross coupling capacitorso 

t r o l  t h e  voltage t o  frequenc3 conversion rate and waveform symmetry, 

ad jus t s  t he  voltage a t  53 t o  zero when there  i s  no connection the reo  

The potentiometers P4 and P con- 

3 P 
7 

'5 
and P6 compensate t h e  frequency and waveform s v e t r y  dependence on tem- 

peratureo 

The na tura l  frequency is the frequency when t h e  WCO input i s  zeroo 

P1 and P2 control  the na tura l  frequency and waveform symmetry, 

The VCQ col lectors  a r e  clamped t o  the  6,2 V zener l e v e l  by a pa i r  

of diodesD 

firm logic  leve l .  

f l i p - f lops ,  These f l ip - f lops  function as frequency dividers.  However 

the  lower one i s  gated by the  s t a t e  of t he  upper so that t h e  s t a t e  of the 

upper lags  t h a t  of the  lower by 114 of a period, 

could lead  the  lower which would not be correct,, 

pins 10 and 11 i s  nominally from .2 t o  5%v0 

references for t h e  analog gates i n  t h e  phase detector ,  

This helps improve the  frequency s t a b i l i t y  by establ ishing a 

The complimentary VCQ outputs a r e  coupled t o  a pa i r  of 

Otherwise the  upper 

The voltage swing a t  

These s ignals  are used as the 

The aI3gnmen-t procedure requires t h e  sequential  adjus 
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seven potentiometers fo r  proper osc i l l a to r  cal ibrat ion,  

First t h e  input 53 i s  groundedD Then using an oscilloscope con- 

nected t o  pins 90 and 11 and a counter connected t o  either pin, t he  fre- 

quency is  adjusted t o  100 Kggz. using equal adjustments of Pl and P2" 

delay between pins 10 and 11 i s  adjusted t o  exactly 114 period by using 

opposite adjustments of Pl and P2 such t h a t  t h e  frequency is  minta ined  

The 

a t  100 mz. 
next J3 i s  connected t o  10 vol t s  and P and P4 a r e  adjusted in t he  3 

same manner as P1 and P2 f o r  144 period delay and 105 IQ-lz. Because of 

the interact ion of these four potentiometers it is necessary t o  a l t e r -  

nately repeat t he  adjustment procedure for each pair several  times u n t i l  

the  desired condition is  attainable f o r  both tests without Rzrther ad- 

gustment D 

Then the  input t o  J3 i s  left unconnected and P i s  adjusted for 7 
zero voltage a t  S30 

The temperature cmpensa%ion i s  correeted by P and P6, This is  

done by turning off the  VCO pmer  fo r  twenty seconds after it has been 
5 

operating fo r  one howo Then the  power is turned on and t h e  frequency 

a t  pin 10 or  11 is  monitoredo 

frequency change after returning on the  VCO power i s  less than 10 Hz, and 

the  waveforms a t  pins 10 and $1 remain within .Ol radian of being i n  per- 

P and P6 a r e  i n  proper adjustment i f  t h e  5 

f e c t  phaae quadrature. Because of interact ion it may be necessary t o  re- 

peat the  whole procedure several  timeso 

B02, The Phase Detector 

Figure B02 i s  the  c i r c u i t  diagram of the  Phase Detector, The phase 

detector specif icat ions a r e :  1, t h e  inputs from the  VCO, gins PO and 11, 
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require binary signals with logic  levels  of < .5 V and > 1.5 V f o r  t he  

0 9.1 f !  and "1" conditions respectively; 2, the  i so la t ion  provided by each 

analog gate when closed is  greater than 70 db; 3 .  w i t h  zero voltage a t  

pins 7 and 8, the  DC of f se t  of each analog gate when closed i s  l e s s  than 

,1 mv; 4, w i t h  100 KHz. applied t o  the phase detector from the TTCQ and 

99 or 101 KHz. sinusoidal s ignal  of f i v e  vol t s  peak amplitude applied t o  

pins 7 and 8, the  De of f se t  a t  pins 3 and 5 i s  l e s s  than 5 mv; 5 0  the LPF 

a t  t h e  output of each diode bridge gate provides 70 db attenuation be- 

tween the  frequencies of 90 KHz. and l MHzo 

The most important par t s  of t h e  phase detector a r e  the  analog gates. 

The diode bridges used f o r  these gates have t o  provide suf f ic ien t  a t t en -  

uation of the  input s ignal  and a small residual  De l e v e l  when i n  the on 

condition and l i t t l e  d i s tor t ion  of the signa1 when o f f ,  Therefore spec- 

i a l  diodes matched for  t h i s  purpose and donated by General Elec t r ic  were 

used. These gates a r e  switched on and off  by a balanced current dr iver ,  

The amplifier supplying t h i s  iirive must provide very fast switching of 

the gate. The 

current drive I n  t h e  two complimentary dr ivers  i s  balanced by t h e  two 

200 .Q potentiometers, 

3 and 5 is  l e s s  than .1mv when the  s ignal  a t  pins 7 and 8 is  zero and 

the VCQ i s  a t  a frequency of 100 KHz. 

For t h i s  reason current mode logic  c i r cu i t ry  i s  used. 

These are adjusted so t h a t  the  DG of f se t  a t  pins 

Beg, The Sin and Cos Phase Inverters 

Figure Bog  i s  t h e  c i r c u i t  diagram of the  Sin and Cos Phase EnPrer- 

t e r s e  m e  purpose of these blocks i s  t o  amplif'y, inver t  and f i l t e r  the  

phase detector outputs as wel l  as i s o l a t e  them from ,%he NBG and Zero 

Crossing Detectors 
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The f i r s t  amplifier i s  met! as an i so la tor  and as a current load f o r  

t he  diode gates i n  the phase detector.  Tie diode feedback network i s  

used t o  prevent t h e  amplifier from saturat ing and l i m i t s  the  output swing 

t o  & 10 V. The gain of t he  amplifier is  set  by the  47 K r e s i s t o r  so t h a t  

t h e  ma.ximum signal  voltage a t  pin 7 i s  t h e  same as t h a t  a t  t h e  phase de- 

t ec to r  input. 

e7 = A Sin[(cuc - av)t -+ @(t) - @ ( t > ]  -t- 2 n ( t >  Cos[covt + 0 ( t ) ] .  

Under t h i s  condition t h e  voltage a t  pin 7 i s  

( B . l )  

The seco'nd a,mplifier i s  connected as a first order LPP, The time 

constant i s  controlled by the  front  panel switches S8 and Sl0 f o r  t he  Sin 

7 and Cos f i l t e rs  respectively.  The double pole double throw switches S 

and S make it possible t o  measure t h e  capacitance value of t he  LPF ca- 

paci tor  a t  J48 on the  system back panel. These switches are located on 
9 

the system back panel. 

t i on  the  amplifier ro l l -of f  i s  controlled by the  4 - 25 pf capacitor, 

T h i s  capacitor i s  adjusted t o  equalize the  delay of t h e  Sin and Cos 

Phase Inverters and t o  control t h e  amplifier overshoot. 

When these switches are i n  t h e  center off posi- 

The th i rd  ampliPier i s  used t o  provide the  inverted phase detector 

output, Tne inphase and quadrature phase detector outputs as w e l l  as 

t h e i r  inverses a r e  brought t o  J5,  J7, 59, and J11 on t h e  system f ront  

panel 

The only alignment necessary i s  the balancing of t he  three opera- 

respectively. 3 t i o n a l  amplifiers with Pl through P 

B-4, The Sin and Cos Zero Crossing Detectors 

Figure B,4 i s  the  c i r c u i t  diagram of t h e  Sin and Cos Zero Crossing 

Detectors (ZCD). 

of t h e  two phase d.etector outputs. 

Tne purpose of these c i r cu i t s  i s  t o  determine the sign 

Each generates a binary s ignal  a t  pin 
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2 depending on the sign of t he  signal a t  pin 4, 

The f i r s t  operational amplifier provides i so la t ion  of the  phase i n -  

ve r t e r  output from the ZCD. 

and roll off  of t he  ZCD. 

without feedback, 

output s ignal  t o  &lo V, 

gain i s  i n  the order of 100 db. 

effect ively as a ZCD. 

The 4 - 25 pf capacitor controls t h e  delay 

The second amplifier is operated essent ia l ly  

The only feedback is a diode network tha t  l i m i t s  t he  

When the  output is not l imi t ing  the amplifier 

This causes t h e  amplif ier  t o  function 

The complementary s e h b t t  driven by the  second amplifier generates 

a binary s ignal  which changes s t a t e  when the  ZCD input passes through zeroo 

The alignment consis ts  of adjust ing the  delay and balance of the  

two amplifiers e 

B.5 The Numerator and Denominator Generator 

Figure Ba5  i s  the  c i r c u i t  diagram of t h e  MDG. 

NDG i s  t o  provide the  signals 

The purpose of t he  

e M = A[SingB SGM(COS@~) - Cos@B SGN(Sin@,)] (B.2 1 

and 

The diode gates are the  most important pa r t  of t h i s  c i r c u i t ,  They 

are selected and matched fo r  o f f se t  voltage and capacitance. 

P8 a r e  adjusted under zero s ignal  input and closed gate  condition so 

that t h e  bridge o f f se t  i s  l e s s  than l m v ,  

P1through 

The NDG specif icat ions are: 1. the o f f se t  voltage w i t h  any s ignal  

l e s s  than 10 vo l t s  and a closed bridge i s  less than 10 mv; 2, the  a t t en -  

uation of each gate  when closed i s  greater  than 60 db, 
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%he binary control signals are amplified by the  t r ans i s l e r  c i r c u i t s  

on the l e f t  and phase s p l i t  so as t o  provide balanced voltage dr ive f o r  

the analog gateso 

The outputs of t he  gates are s m e d  by t h e  operational amplifiers.  

The potentiometers P and P compensate f o r  t he  a m p l i f i e r  o f f se t  voltage, 9 10 

Pll and P compensate f o r  the  amplifier input o f f se t  current,  12 

The alignment procedure requires that P,through P8 be adjusted f o r  

zero gate output voltage. 

adJusting the  input and output voltage of each amplifier using P 

P12" 

peat the  procedure several  times. 

The amplifier i s  balanced by simultaneously 

through 

Because of the potentiometer in te rac t ion  ip i  may be necessary t o  r e -  

9 

The two baDG outpuls JP2 and $13 a r e  routed Lo t h e  PhiPbrick h a l o g  

Divider, 

modulo sr/2, 

The output of the divider i s  the tangent of t he  phase e r ro r  

B,6,  The Arc TanKent Converter 

Figure B,6  i s  t h e  c i r c u i t  diagram of t h e  Are 

purpose of t h i s  c i r cu i t  i s  t o  provide an Arc Tangent non-linear t ransfer  

function over a range-'bf s a / + ,  The desired t ransfer  function i s  given 

where C1 = 1 / K ,  This function i s  approximated by 8 7 segment p%ece?wise 

linear approximation. 

The slopes are s e t  by Plo through P 

proximation was checked and found t o  be accurate t o  within 

The break points are adjusted by P1 -I;hrough P ~ o  

The ae@uracy of t h e  ap- and P7" 1 5  
.02 radian. 

4 
The loop gain, K, i s  controlled by Sll over PL range of 10 t o  10 ., 

This i s  done by changing the  feedback r e s i s t o r  on the  operational 
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amplifier.  

pa r t s  of the  phase e r ror  current,  

from the Quadrant Detector and the  number of cycles sl ipped from t he  10 

B i t  Counter a r e  added t o  tha t  due t o  t h e  modulo a12 phase e r ror  a t  pin 5 0  

Pin 7 is  t h e  ground return f o r  these currents.  The output a t  514 i s  pro- 

port ional  t o  the  modulo 2Nrs phase error ,  @ e o  

The amplifier input i s  used as a summing point fo r  t h e  three  

Currents proportional t o  the  quadrant 

This amplifier i s  balanced f o r  both voltage and current o f f se t  by 

P and P8 respectively,  R i s  a f ront  panel control used t o  compensate 

f o r  BC e r ro r  i n  the D/A converter output. 
9 5 

Table Bel 
A r c  Tangent Don-linearity Alignment Procedure 

Potentiometer 
Adgustment e (vo l t s )  out e (vo l t s )  i n  Step 

7 
8 
9 

10 
11 
12 

13 
14 
1 5  
16 
li.' 
18 
19 

05 
0 97 

1,48 
Repeat s teps  2 and 3 

-6,5 1,84 

Repeat s teps  2 through 6 
-9,o 2.34 

Repeat s teps  2 through 9 

-8,o 2,15 

-10 0 0 205 

3.14 - 097 
5 00 -1 48 
Repeat s teps  11 and 12 

605 -1 84 
8 .is- -2015 
Repeat s teps  11 through 15 

10 0 0- -207 
900 -2.34 

Repeat s teps  11 through 18 

P7 
P1 
"no 

P2 
Pll 

P6 
p15 

To a l ign  t h i s  c i r c u i t  it is necessary t o  s e t  t h e  arms of P1through 

P6 t o  maxim voltage magnitude. The input a t  ~ 1 6  i s  groundedo The arm 

* t  
3 

3 

+ i  . 4  

c 

I,. 
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of R i s  s e t  i n  t he  center of i t s  range and grounded. 

justed a l t e rna te ly  t o  balance the  amplif ier .  

put voltages required and the  order of making adjustments f o r  the non- 

l i nea r i ty .  

P8 and 1’ a re  ad- 

Table B.1 gives input/out- 

5 9 

For these adJustments C1 = .0001. 

Because of t h e  interact ion between the  adJustments and t h e  degree of 

accuracy required, it may be necessary t o  repeat s teps  1 - 19 several  

times i n  order t o  verify that each s t ep  is  a t t a inab le  without fur ther  ad- 

justment of P1 - P 15 ’ and Plo - P 7 

€3.7, The N Selector Switch 

Figure B 0 7  i s  the  c i r c u i t  diagram of t h e  N Selector Switch, The 

purpose of t h e  N Selector Switch i s  t o  set t he  value of t h e  phase e r ror  

range fac tor ,  N.  The phase e r ro r  range i s  2 k  radianso The N Selector 

Switch generates s ignals  t h a t  a r e  used t o  control  t h e  10 B i t  Counter m d  

Quadrant Detector, The switch S has i t s  posi t ions labeled - 1 through 

11. The correspondence between E and t h i s  number, L, i s  
33 

(Bo5 1 L - l  B = 2  

L or  i n  other words t h e  phase e r ro r  range i s  2 r[ radians.  

This  c i r c u i t  places negative control  voltages on a l l  f l ip - f lops  i n  

t h e  counter t h a t  are not needed f o r  a pa r t i cu la r  value of N and a similar 

control  voltage labeled n and 2r[ are ava i lab le  f o r  t he  Quadrant Detector. 

The numbers 1 through 9 on the  external  switch connections go t o  pin 3 on 

the  f i r s t  nine f l ip - f lops  of t h e  counter. 

t o  the s ign o r  las t  f l i p - f lop  of the  counter, 

The terminal labeled S goes 

~ . 8 .  The Q,uadrant Detector 

The purpose of t h e  Quadrant Detector i s  t o  generate a current 



To Pin #3 on Flip-Flops 

# 9 8  7 6 5  

'3 

- l t V  1 
s 33 

- I  

4 4  

To 
7r 

Quadrant 

+15V 
Note: A l l  Diodes IN4154 

FIGURE B.7. N SELECTOR SWITCH. 

Detector Pin #I1 
Detector Pin #8 



depending on the  quadrant of the modulo 231 phase e r ror  such that the sum 

of the  modulo n/2 phase and the  Quadrant Detector output y ie lds  a s igna l  

proportional t o  the  modulo 231 phase e r ror  f o r  N 21, 

and one proportional t o  the  modulo II phase e r ror  for N = .5> 

For N = ,25, = 0. (0 i s  the  quadrant phase factor .  The phase coeff i -  

c ient  of t he  current summing junction of the  Arc Tangent Converter i s  

- 1 ~amp/2x radian phase e r r o r o  

Q Q 

Table B.2, which i s  derived from ( B 0 5 )  

and (B.6), gives the quadrant f ac to r  current i 

the  quadrant number ., 

as a function of PI and Q 

Table B-2 

(pamps) Versus N and t h e  Quadrant Number iQ 

N 25 05 $ 1  ’ Quadrant e IMod 2s 

1 0 - .25 -,25 

2 0 025 -075 
3 0 -,25 0 75 
4 0 0 25 0 25 

Figure B.8 i s  the  c i r c u i t  diagram of the  Quadrant Detector, It 

generates an output current a t  pin 5 according t o  the  schedule i n  Table 

B,2. 

SGN(CosQB) and the  a and 2% control s i g m l s  from t h e  N Selector Switch, 

The quadrant number is determined from t he  SGN(Sin@ B ) and 

This t ab le  i s  implemented i n  the  c i r c u i t  by 4 logic  controlled cur- 

rent  generators of - .5, - .25, .25 and .5 pamps. Each i s  independently 
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cal ibrated by f through P4 respectively. 

with the other two phase e r ror  information signals a t  pin 5 of t he  Arc 

“he output, p in  59 is  summed 

Tangent Generator. 

B.9. The Cycle S l ip  Detector 

The purpose of t he  Cycle S l ip  Detector i s  t o  generate a subtract  

pulse whenever a negative 2% radian cycle s l i p  occurs and an add pulse 

whenever a posi t ive 2n radian cycle s l i p  occurso 

whenever the  modulo 2% phase e r ror  passes through zero. 

of the pass i s  the  direct ion of the  cycle s l i p .  

A cycle s l i p  occurs 

The direction 

Figure Bog i s  t h e  c i r c u i t  diagram of the  Cycle S l ip  Detector, The 

blocking osc i l l a to r  (BOOo) generates a 5 Msecond pulse each time the 

input a t  pin 11 switches from -5 V t o  15 V o r  15 V t o  

If t h e  first t r ans i t i on  of t he  s ignal  a t  Pll occurs while the input 

-5 ‘V, 

a t  pin 2 i s  negative a subtract  pulse i s  generated a t  pin 8 ,  If the  

second t r ans i t i on  occurs whi le  the  input a t  pin 2 i s  negative an add 

pulse occurs a t  p in  4. 

The specifications on these pulses a r e  t h a t  they be between 2 and 

6 wseconds i n  length and have a minimum voltage swing of 10 V t o  -5 V 

and back during one pulse duration. 

B.10 “he Counter 

The purpose of the  counter i s  t o  count t he  modulo N t o t a l  of t he  

number of posi t ive cycles sl ipped minus the number of negative cycles 

slipped, 

signal must be such that when it is added t o  the  modula 2% phase e r ror  

the  r e su l t  i s  the  modulo 2En phase e r ro r ,  

E t  generates an analog s ignal  re la ted  t o  t h i s  t o t a l o  This 

Since a binary counter is  used 
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it i s  convenient t o  l i m i t  I t o  numbers t h a t  are powers of 2, such as 1, 

, 1024. 10 is  t h e  maximum number of b i t s  used. Therefore 0 0 0  

2, 4, 8, 

N i s  bounded by 1024, 

charac te r i s t ic  t o  be symmetric about zero, f o r  N 21 the  point Qe = 0 i s  

one boundary point f o r  a 2% radian cycle s l i p ,  

t he  D/A converter as w e l l  as t h e  interrelat ionships  between the  f irst  

nine f l i p - f lops  and the  s ign f l ip - f lop ,  

Since it i s  desirable  f o r  t h e  phase detector 

This somewhat complicates 

The output current i n  pamps i s  given by 

iC = - [Il -+ ( M  - l?/21Mod M + N/29 0348) 

where N1 i s  the  t o t a l  number of cycles s l ippedo 

have slipped the  output current i s  .5 vamps, when 1 pos i t ive  cycle has 

slipped the  output current is  - .5 @amps and when 2 pos i t ive  cycles 

have slipped the  output current i s  - l , 5  WI.U~S.  

Figures B o l o  and Boll are c i r c u i t  diagrams of t h e  f l i p - f lops  used 

i n  the  10 B i t  Counter, The counter consis ts  of 10 f l ip - f lops .  Figure 

Thus when no cycles 

B-10 i s  the  c i r c u i t  diagram f o r  the first nine f l ip - f lops  and Figure 

B-11 i s  the  c i r c u i t  diagram f o r  t he  10th or sign f l ip - f lop ,  

B c h  f l i p - f lop  consis ts  of t r i gge r  gating and s t ee r ing  c i rcu i t ry ,  

a binary element ( the  two cross coupled 2~2369 t ransis tors) ,  t h e  logic  

l e v e l  amplif iers  ( t h e  2H325i t m n s i s t o r s  >, a delay feedback fo r  t h e  

input t r i g g e r  s teer ing  ( the  2RO3O t r a n s i s t o r s )  and a D/A converter 

with sign control  logic  ( the lower r igh t  hand corner of t h e  c i r c u i t ) .  

In  order t o  reduce t h e  counter propagation delay, gated t r igger ing  

i s  used. This means t h a t  a t r igge r  pulse f o r  the j t h  f l i p - f lop  appears 

only i f  the  previous state of t h e  first j - 1 fl ip- f lops  i s  "1" f o r  add 

pulses o r  "OP* f o r  subtract  pulses. 
. .  

g i t h  t h i s  type of t r igger ing  t h e  
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t r igger  delay 

diodes rather  

fo r  the J t h  f l ip - f lop  i s  only dependent on the  delay of j 

than the  delay of J - 1 fi ip- f lopso  The latter i n  general 

i s  an order of magnitude greater.  

In order -to improve the  switching t i m e  of t he  f l ip - f lops  and in -  

crease t h e  range of acceptable t r igger  levels ,  pulse widths and rise 

-times, DC t r iggering with delayed feedback gating i s  used. 

the base c i r c u i t  of each 2IJg30 t rans is tor  has a time constant of 10 ysec- 

The delay i n  

onds. Therefore t h e  t r igger  s teer ing gate does not know t h a t  t h e  f l i p -  

f lop  has switched state u n t i l  10 pseconds afterwards. By t h i s  time t h e  

t r igger  pulse has terminated and the  poss ib i l i ty  of an ambiguity o r  

double t r igger  i s  eliminatedo 

'The disable  input, pin 7 from the  N Selector Switch, causes t h e  

t r i gge r  pulses t o  bypass  the  f l i p - f lop  and disables t h e  D/A converter 

output. 

f lop  given by 

The D/A converter generates a current f f o r  t h e  J t h  f l i p -  
cJ 

2j i f  SGN(N2) 0 and FF4 i n  "zero" s t a t e  

i = { - A  i f  SGNcN21 3 0 and FF. J i n  t5one'g s ta te  OB091 
C J  

0 otherwise, 

The r e s i s t e r s  R and R P  control t he  current l eve l  i n  a gross way. 

The two 20K potentiometers, P and P2, are f o r  cal ibrat ing the  negative 

and posi t ive currents respectively.  !!%.e current return,  pin 3, f o r  the  

current divider, R and R", i s  necessary to minimize t h e  e f fec t  of con- 

1 

t a c t  resistence i n  t h e  c i r c u i t  board plug. 

The tenth f l ip - f lop  i n  Figure Boll i s  the  sign f l ip-f lop.  It only 

changes state when the  count passes from 0 t o  - 1 i n  e i ther  direct ion o r  

k 
i 

' i  

I 
im I 

li 
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1 3  

when the  counter overflows i n  e i the r  d i rec t iono  

tween B.11 and B,10 i s  that the former has a 2m251 emitter follower t o  

provide a low impedance logic  output at  pin 8 f o r  the tesignDs log ic  signal 

The major difference be- 

that i s  used by t h e  other  f l ip - f lops  i n  t h e  counter, 

put i s  compensated f o r  overshoot by the 3 - 24 pf capacitor,  

Also t h e  D/A out- 

Boll 3!he Loou F i l t e r  

The purpose of t he  loop f i l t e r  i s  t o  control  the loop t ransfer  f m c -  

t i on .  

items above the  connector are on the c i r c u i t  board, The first three op- 

e ra t iona l  amplif iers  a r e  connected as integrators ,  the fourth as a fixed 

gain swnmer and the  f i f t h  as a var iable  gain s m e r  controlled by Rlo 

Figure B,12 is  the  c i r c u i t  diagram of the loop f i l t e r ,  Qnly the  

The t i m e  constant of t h e  first 

of t he  second by S4 and t h a t  of t he  

and S connect t h e  timing capacitor 

the back panel monitoring point, so 
5 

integr8tor  is controlled by S29 tha% 

' th i rd  by Sb6" 

of the  respective integrator  t o  ~ 4 8 ,  

t h a t  each capacitor can be measured 

$7 The switches S19 

t o  ca l ib ra t e  t h e  time constant,  

f ine  adjustment of t h e  t i m e  constants,  

%he r e s i s t o r s  R2 through R4 control t he  

The resis%or R provides fine 1 

adjustment of the  loop gain K together w i t h  Sll of t h e  Arc Tangent c i r -  

c u i t  0 

The r e h y s  RL2 through RE4 are used t o  "holdBP t h e  conditions of the  

loop f i l t e r .  This i s  done by disconnecting the  inputs t o  the  integrators .  

Under t h i s  condition the d r i f t  of t he  integraLor i s  l imi t ed  by the  o f f s e t  

current which i s  i n  t he  order of 100 picoamps, 

pensated by an adjustment i n  the  i n i t i a l  condition cont ro l le r ,  This ad-  

justment brings t h e  maximum of f se t  current t o  less than PO picoamps. The 

The o f f se t  current i s  com- 
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control  c i r cu i t ry  f o r  the hold relays i s  discussed i n  Appendix Do 

The i n i t i a l  conditions f o r  t h e  three in t egmtor s  are determined by 

the  three  i n i t i a l  condition control lers .  Each in tegra tor  can be fnde- 

pendently s e t  t o  any i n i t i a l  condition between 510 volts .  

The only alignment procedure necessary f o r  t h e  loop f i l t e r  is t he  

adjust ing of P1 through P 

voltage 

t o  balance the operational amplifier o f f se t  5 

B,12, The I n i t i a l  Condition Controller 

Figure B.13 i s  the  e i r c u i t  diagram of the I n i t i a l  Condition Con- 

t r o l l e r .  Three of these c i r c u i t s  a r e  used t o  set t h e  i n i t i a l  conditions 

of t he  th ree  in tegra tors ,  

The i n i t i a l  condition voltage i s  set by R - R This voltage can 15 17" 
be monitored a t  t h e  S output jack, J4kQ 

applied it can a l s o  be monitored a t  t h e  in tegra tor  output Jacks, 529, 

J3O and 531. 

i s  held t o  within 10 picoamps i n  t h i s  mnnero  

When t h e  i n i t i a l  condition i s  
30 

P2 ad jus ts  the  in tegra tor  o f f se t  current compensation, This 

Bo170 The Front Panel and Control L i s t s  

Figure B.14 i s  t h e  f ront  panel layout of the  ELWLL. Table B - 3  i s  

a list of  t h e  connectors or  J numbers.. Table B.4 i s  a l i s t  of t he  

switches of S numbers. Table B 0 5  is  a l i s t  of t he  f ront  panel var iable  

r e s i s t o r  o r  R numbers and variable capacitor o r  C numberso 
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Table B03 
L i s t  of External Connectors 

J Number Purpose 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1  
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

F i l t e r  output 
Signal input 
VCO input 
- Sin phase e r ror  input 
- Sin phase e r ror  output 
-c- Sin phase e r ro r  input 
G Sin phase e r ror  output 
- Cos phase e r ro r  input 
- Cos phase e r ror  output 
-c- Cos phase e r ror  input 
+- Cos phase e r ro r  output 
Denominator output 
Bumerator output 
Phase e r ror  output 
F i l t e r  input 
Quotient input 
Sin phase e r ror  
9yC8 input 
sGN(sin 1 
Cos phase e r ro r  
7FCO frequency 
SGN(G0s 1 
-k 20 bv 
* 15 'iT 
- 1 5  V 
Ground 
F i l t e r  output 
Phase e r ror  
C2 voltage 
C3 voltage 
64 voltage 
Blank  
Level detector  no, 1 input 
Level detector  no, 2 input 
Level detector  no, 3 input 
Level detector  no, 4 input 
Level detector no. 5 input 
Level detector  no, 6 input 
S t a r t  %nput 
Hold input 
S t a r t  output 
Hold output 
s31 output 
s30 output 
Power plug 

t" . .J 
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Table B.3 Continued 

J Number Purpose 

47 Logic output 
48 Capacitance value monitor 
49-50 Auxiliary amp inputs 
51-52 Auxiliary amp outputs 
53 Amp-Filter no. 1 input 
54 Amp-Filter no 1 output 
55 
56 Mixer s igna l  input 
57 Amp-Filter no, 2 
58 
59 
60 Signal frequency output 
61 Modulation input 
62 Noise input 
63 Auxiliary s ignal  input 
64 Signal plus noise output 
65 Signal plus noise output 
66 Threshold t e s t  fixture 

modulation input 
Threshold t e s t  f i x tu re  

demodulation input 

Local o sc i l l a to r  f o r  mixer input 

Threshold t e s t  f i x tu re  output 2 
Threshold t e s t  f i x tu re  output 1 

67 

"Z 
..J 

i 

Table B.4 
L i s t  of %i t ches 

S Number %net ion 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 -17 
18 -23 
24 -29 
30 
31 
32 
33 

C2 disconnect 
G2 set value 
C3 disconnect 
C3 set; value 
C4  aisconneet 
C4  s e t  value 
Sin f i l t e r  disconnect 
Sin f i l t e r  s e t  value 
Cos f i l t e r  disconnect 
Cos f i l t e r  s e t  value 
C 1  s e t  value 
Threshold width 
Upper /both/ lower 

Monitor switch 
Monitor switch 
Controller mode 
Counter range 

Hold/staPt 



Table B.4. Continued 

S Number h n c t i o n  

34 
35 
36 
37 
38 
39 

40 
41 
42 
43 

S ta r t  master 
S/H r e se t  
Hold master 
ELRPLL power switch 
Signal generator switch 
Gain control on auxi l ia ry  

amplifi  e r  
Measurement mode 
Signal l e v e l  a t tenuator  
Eloise leve l  a t tenuator  
Modulation l eve l  a t tenuator  

Table B 0 5  

L i s t  of Potentiometers and Capacitors 

Number Pun c t  ion 

R1 

% 

R3 

R4 

R6 
R7 

R8 
R -R 9 1 4  

c3 

c4 

Pine adjustment fo r  first 
f i l t e r  coeff ic ient  

Fine adjustment fo r  second 
f i l t e r  coeff ic ient  

Fine adjustment for  t h i r d  
f i l t e r  coeff ic ient  

Fine adjustment f o r  fourth 
f i l t e r  coeff ic ient  

DC adjustment fo r  phase e r ror  

DC balance on output auxi l ia ry  

DC balance on output auxi l ia ry  

Modulation balance 
Level detector l eve l  s e t  

I n i t i a l  condition s e t  
Course adjustment f o r  first 

f i l t e r  coeff ic ient  
Course adjustment f o r  second 

f i l t e r  coeff ic ient  
Course adJustment f o r  t h i r d  

f i l t e r  coeff ic ient  
Course adjustment f o r  fourth 

f i l t e r  coeff ic ient  

amplifi  e r  

amplifi e r  

, 1. 
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one 

t o r  

15 5 

Figure Bel? i s  the  c i r c u i t  diagram of t h e  ELRPLL, Signal Generator 

The purpose of t h i s  c i r c u i t  i s  t o  provide Channel Power Distr ibutor ,  

switch power control (S 

Channel (S 

) f o r  t he  ELRPLL and f o r  t he  Signal Genera- 37 
l o  The power from 3 of the  4 power supplies i s  connected 38 

such t h a t  t h e  external sensing feature  i s  used, 

i n  t h e  ELRPLL system. 

EZRPLL due t o  contact res is tance i n  J45 and S 

In general t h e  c r i t i c a l  components of the system t h a t  e f f ec t  i t s  

merefore  it i s  

The sense point i s  w i t h -  

This decreases t h e  voltage f luctuat ion at  the  

37' 

response and t ransfer  function a r e  accurate t o  -p- 3 $ a  

possible t o  specify the system t ransfer  function t o  within 2 

The l eve l  detectors a r e  accurate t o  within &lo m y ,  For the  l eve l  

of signals considered t h i s  yields  a l e v e l  detecting accuracy of be t t e r  

than l$* 

The measurements of acquis i t ion  time a r e  taken using 5 d i g i t s  of 

timer accuracy. Therefore the  accuracy of t he  measurement of aequis i -  

t ion  time i s  l imited by t h a t  of the  ELRPLL t ransfer  function plus that 

of t he  l e v e l  detectors.  

acquis i t ion time accuracy as 5%0 

Therefore it i s  conservative t o  specify t h e  



TO -15V 
Power 
Supply 

To +15V 
Power 
Supply 

To +5V 
Power 
Supply 

ELRPLL Power 

Sense 
Return 

Return 

Sense 

-15V 

-15V 

-15V 

Sense 
Return 

+I  5V 
Return 

+15V 
Sense 
+ l5V 

Sense 
Return 

+5v 
Return 

+5v 
Sense 
+5v 

O------------t+lSV 

Return ..C- 

Auxiliary 
Power -15V - 
Supply 

0 -+20v J 

FIGURE B. 15. ELRPLL, SIGNAL GENERATOR AND CHANNEL 
POWER DISTRIBUTOR. 
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APPEIlDIX C 

EXPEFiIMENTAL SIGIYAL GEIJERATOR ANI) CHARNEL 

Appendix C i s  a detailed description of t h e  Signal Generator and 

Channel. The c i r cu i t  diagram of t h i s  system i s  presented and discussed. 

Its alignment procedure i s  explained e 

Figure C . l  i s  t he  c i r c u i t  diagram of the Signal Generator and Chan- 

nel. The 

t h e  ELRPLL. 

95 - 105 XHz. band instead of i t s  second harmonic* This  VCO i s  located 

s ignal  generator i s  a BVCO very similar t o  the  one used i n  

The chief difference being t h a t  t h i s  one opemtes i n  the  

i n  the  upper l e f t  hand corner of Figure C Q l o  It is  an astable multivi-  

brator  w i t h  voltage frequency control. 

Carrier Frequency Adjustment on the  l e f t ,  

The frequency f c  is  s e t  by the  

This i s  a 10 tu rn  potentfome- 

t e r  on the  f ront  panel, The cal ibrat ion i s  accomplished a t  t w o  frequen- 

3 O  

cy points by P1 ana P 

s61 i s  the  modulation input The modulation l e v e l  i s  controlled by 

the Modulation Step Attenuator. 

db i n  10 db s tepso  The modulation level is controlled by from the 

fxont panel. 

Compensated by adjust ing 

This at tenuator  has a range of 0 t o  50 

The l e v e l  is calfbratea by 1ps" The VCO is  temperature 

The output of the TKO i s  i so la ted  from t h e  monitoring and output 

circuits by an emitter coupled current switch, The frequency of the VCQ 

can be monitored a t  ~ 6 0 ,  

by back t o  back diodes. 

The output voltage a t  J6C i s  l imited Lo 26 v 
The s ignal  at t he  other  side of t h e  current 
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switch i s  a l s o  l imited by diodes. 

the s ignal  a t  P P is  used fo r  cal ibrat ing the  ca r r i e r  level .  The 

l eve l  of t he  cal ibrated ca r r i e r  i s  controlled by t h e  Carrier Level Step 

Attenuator i n  10 db s teps  and continuously over a 10 db range by the  

Carrier Level Adjustment, 

f ront  panel 

P i s  used t o  adjust  t he  symmetry of 5 

7" 7 

Both of these adjustments a r e  located on the 

The s igna l  from a GR l jOgB generator i s  input a t  562, The l eve l  of 

The l eve l  of t he  cal ibrated noise i s  eon%roll@d it i s  cal ibrated by Pso 

by the  Moise Level Step Attenuator i n  10 db s teps  and continuously over 

a 10 db range by the Moise Level Adjustment, Both of these adjustments 

a r e  located on the  f ront  panel. 

The noise and modulated ca r r i e r  a r e  summed w i t h  t he  Auxiliary Signal 

Input and t h e  r e su l t  i s  f i l t e r e d  by the  95 - 105 KHz. 

The measured t ransfer  function of t h i s  f i l t e r  i s  shown i n  Figure 6,2 ,  

Band Pass F i l t e r o  

It 

has a seven pole butterworth bandpass response. The r ipp le  was found t o  

be less than .3 db peak t o  peak, This f i l t e r  i s  used t o  simulate t h e  

bandpass of t h e  receiver that normally preceeds a PLL. The output of the  

f i l t e r  i s  amplified and -&he resu l t ing  s ignal  plus noise i s  avai lable  a t  

564 and ~ 6 5 ~  

The specif icat ions on the  Signal Generator and Channel are: 

I. FM Signal Generator 

A ,  %he Carrier 

The residual  m, i s  l e s s  than 1 ]Hz, f o r  fm 2 1 Mzo 

2. The power supply e f fec t  on frequency i s  less than 10 
]Hz . /volt 0 

3 The frequency range 1s 95 - 105 KE-IzD 
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4. The long term s t a b i l i t y  i s  30 Hz./&y after 1 day 
operation i n  a temperature s t ab i l i zed  room. 

B. The Modulation 

1. The maximum deviation i s  95 t o  105 KHz. 

2. The maximum bandwidth i s  DC t o  5 KHz. 

3 .  The at tenuator  range i s  continuous 0 - 60 db, 

II, The Channel 

lo The input noise spectrum must be f la t  t o  lo5 KHz. 

2 .  The output noise spectrum i s  f l a t  2 $14 db over 
96 - 104 KHz. 

The S/N range i s  continuous from - 60 t o  60 db i n  
10 KHz. bandwidth, 

3 .  

4. The 3 db channel bandwidth i s  less than 12 KHz. and 
greater  than 10 KpIz. 

5. The channel a t tenuat ion below 89 KHz. and above 112 
KHz. i s  greater  than 60 db with respect t o  t h a t  i n  i t s  
pass band 
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Appendix D 

ACQUISITION TIME EXPER= 

Appendix D i s  a detailed description of the  BRPL, acquisit ion time 

t e s t  f ix ture ,  The c i r cu i t  diagrams of t h i s  system a r e  presented and d is -  

cussed 

The purpose of t h i s  t e s t  f ix ture  i s  t o  f a c i l i t a t e  the  measurement of 

the acquisit ion time, 

individually or i n  rapid succession automaticallyo 

It makes it possible t o  make measurements e i ther  

The system has two pa r t se  Section D.1  deals with the  Level Detec- 

t o r ,  

various modes of operation. 

Section D , 2  deals with the  l3LWLL Control System and discusses the  

D.1 .  The Level Detector 

Figure D.1 i s  the c i r cu i t  diagram of the  Level Detector, The system 

has 6 of these. 

J33 through ~ 3 8  against one or  two thresholds and generates a binary s ig-  

n a l  based on one of several  possible log ica l  re la t ions.  

t he  position of one of S18 through S 

a t  pin 9 i s  negative i f  the input i s  l e s s  than a preset  threshold, 

threshold i s  se t  by the  Level Set controlo 

positLon, it t e s t s  i f  the  voltage i s  between two thresholdso 

of t he  acceptance region i s  s e t  by one of S 

This c i r cu i t  t e s t s  the  voltage of t h e  s ignal  a t  one of 

Th i s  depends on 

If the  switch i s  down t h e  output 
23 

The 

If the  switch i s  i n  the center 

The width 

through S t o  the voltage 
12 3-7 

width desired. If one of "8 through SZ3 i s  put i n  the up position then 
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it t e s t s  if the  voltage i s  greater than a preset  threshold, 

When t h e  comparison i s  t rue,  one of the  lamps L1through L6 i s  lit 

and e i ther  a start o r  hold logic  s igna l  i s  anded with the  other Level 

Detector logic  signals depending on the posit ions of 524 through S 
29 

The width of t h e  region of comparison i s  changed by changing the  

gain of t he  operational amplifier.  

b i s tab le  c i r c u i t  switches s t a t e ,  

When i t s  output passes 5 B t h e  upper 

If the  amplifier output passes - 5 V 

t he  lower b is tab le  c i r c u i t  switches s t a t e ,  

A logic  c i r c u i t  selected by one of S18 through S* 

logic  s ignal  output a t  pin 9 and the lamp output a t  pin 8 ,  

generates t he  
23 

D02, The ELRPLL Control System 

Figure D.2 i s  t h e  c i r c u i t  diagram of the  L Control S y s t a o  

The purpose of t h i s  system is t o  sense when t h e  i n i t i a l  and f i n a l  condi- 

t ions  of the ELWLL a r e  within some prescribed space and generate con- 

t r o l  signals t o  start and/or hold the  ~ ~ L .  

a t i m e r  so  that the  elapsed time of a loop event may be determined. 

They a r e  used t o  control  

When the  intersect ion i s  t r u e  of t h e  log ica l  s4gnal from J39> the  

start i s  not up, t he  hold 

output is  not actuated and 9 i s  i n  t he  center posit ion,  then t h e  s tar t  

f l i p - f lop  i s  s e t  i n  a start posi t ion,  When t h i s  occurs t h e  I n i t i a l  Condi- 

t i on  Controllers are disconnected from the  loop f i l t e r ,  

extinguished and a pos i t ive  going pulse appears a t  J410 

used t o  start a timer, 

inputs from ED1 through ED69 the switch (S 35 

34 

The Lamp 6, i s  7 
This can be 

When the  intersect ion is  t r u e  of t h e  log ica l  s igna l  from J40, the  

hold inputs from ED1 through LD69 the  switch (S 1 i s  i n  t h e  center po- 

s i t i o n  and t h e  start output i s  not actuated, then the  hold f l ip - f lop  i s  
36 

x 
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actuated, t h e  lamp L8 i s  lit and a hold pulse i s  generated a t  J42. When 

i s  up the  system does not automatically r e se t  and w i l l  remain i n -  s32 
def in i te ly  i n  the  hold condition u n t i l  manual& re se t  by S 3 5 0  If s32 is  

down the  system functions i n  an automatic mode and r e se t s  i t s e l f  a f t e r  

being i n  t h e  hold s t a t e  fo r  1 secondo 

i s  connected i n  a monostable configuration and rese ts  i t s e l f ,  A t  t h e  

same time the  l e f t  f l ip - f lop  i s  r e se t  which actuates  the  I n i t i a l  Con- 

d i t ion  Controllers so tha t  the  loop f i l t e r  i n i t i a l  conditions a r e  r e se t  

f o r  another event, A s  soon as the  r e se t t i ng  i s  complete, the start co- 

incidence logic  i s  able  t o  t e s t  f o r  t h e  start condition. %his process 

repeats i t s e l f  u n t i l  S I s  switched up. 

I n  t h i s  case t h e  right f l ip - f lop  

32 
It i s  possible t o  manually start or  hold the EfLRp%L by switching 

down S34 or  Sr;6 respectively.  

or  hold operation by switching t o  t h e  up posit ion S34 or  S3j6 respective- 

1 Y  0 

It I s  a l so  possible t o  inh ib i t  t h e  start 

It i s  possible t o  r e se t  t he  hold c i r c u i t  by pushing S 35 up. 

35 

It i s  

possible t o  r e se t  the  hold and t h e  s tar t  c i r c u i t s  by pushing S down. 

Using t h i s  system it i s  a l so  possible t o  get an estimate of t he  

j o i n t  d i s t r ibu t ion  function of a s e t  of loop variables.  
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APPEMDIX E 

FM THFBSHOLD EXPER= 

Appendix E contains a description of t he  experimental procedure used 

t o  determine t h e  FM threshold of the  E&RPLL and of the  Threshold Text 

Fixture I )  

The procedure requires the  measurement of t he  110 S/M i n  the  out- 

put bandwidth fo r  the  ELRF'LL. 

s ignal  parameter values. 

i s  used t o  f a c i l i t a t e  t he  measurement of t h e  output S/B l eve l ,  This c i r -  

cu i t  is  used i n  connection w i t h  t he  auxi l ia ry  amplifiers i n  Figure E o 3 ,  a 

Philbrick analog mult ipl ier ,  LPF, and a d i g i t a l  voltmeter i n  the  measure- 

ment set up shown i n  Figure E.9, 

This is  done f o r  a class  of ELRPLL and 

The Threshold Test Fixture shown i n  Figure E.2 

Modulation Input 

Demodulation Input 

Figure E o l e  Threshold T e s t  Set Up Detai l  

Sho controls t he  mode of measurement, When Sho is i n  posi t ion 1 the  

d i g i t a l  D C W  reading i s  proportional t o  the RMS output s ignal  voltage, 
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When it is  i n  posit ion 2 the  reading i s  proportional t o  the  output s i g -  

na l  plus noise power. When it i s  i n  posi t ion 3 t he  reading i s  propor- 

t i o n a l  t o  the  output noise power, 

In  measuring the  output S/N, first t h e  l3.LRpLL system parameters are 

s e t  

With S40 i n  posi t ion 3 and P4 i n  i t s  clockwise posit ion,  P 

f o r  minimum reading of the  voltmeter. 

and the  auxi l iary amplifier and LPF attenuators are s e t  so that the  

meter reading is  - .lo 

Then t h e  s ignal  parameters are set beginning w i t h  the  no noise case. 

i s  adjusted 3 
The switch i s  set t o  posit ion 1 

When the normalization procedure i s  completed the  input SIN i s  s e t  

t o  t h e  f i rs t  desired leve l ,  

a measurable reading of t he  output noise on the  meter. 

signal voltage i s  read using switch posi t ion lo 

i s  LOO times t h e  square of t h i s  reading, 

output s ignal  plus noise power i s  10 times the meter reading, 

t o  100 times t h e  s ignal  voltage reading and the  swftch i s  s e t  t o  posit ion 

3 .  The noise power is  10 times the meter reading. The EZWLL and s ignal  

parameter values and t h e  output signal,  s igna l  plus noise and noise pow- 

e r s  a r e  punched on %BM cards. 

t he  data f o r  known measurement biasese 

value of input S/N l e v e l o  

ed and the  i n i t i a l  n o m l i z a t f o n  must be repeatedo 

This i s  usually t h e  maximum S/N t ha t  yields  

Then the  output 

The output s ignal  power 

Switching t o  posit ion 2, t he  

P4 i s  s e t  

These a r e  computer processed t o  correct  

This process i s  repeated fo r  each 

men a new s e t  of system parameters is  se l ec t -  

The measurement corrections mentioned include the  following: 1. the  

data i s  corrected f o r  changes i n  the meter loading e f f ec t  that  occur when 

changing scales  o r  LPF time constants; 

band i s  calculated from that i n  the  input band; 3 .  t h e  output noise i s  

2. t he  input S/M i n  the  output 

‘* 1 
“ 3 

e t  

3 I ”  
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corrected by calculating a weighted sum of t h e  measured noise and t h e  

noise calculated from the  difference of the s igna l  plus noise power and 

t h e  s ignal  powerr where the  weighting i s  the  inverse of t h e  variance of 

t h e  measurements; 

t o  the  f a c t  t h a t  t h e  ELRPZL output base band f i l t e r  has a 3 db cutoff 

4, the  output s ignal  i s  corrected by a fac tor  of 2 due 

frequency equal t o  tha t  of t he  sinusoidal modulation; 5.. t he  output 

noise power is  corrected by a fac tor  depending upon the  r a t i o  of the  

ELRFLL output f i l t e r  equivalent no%se t o  3 db bandwidths so that the 

output noise i s  re fer red  t o  the  3 db bandwidth; 

output band i s  calculated from the  corrected s igna l  and noise powers, 

6, t he  output S/N i n  t h e  

A t o t a l  of" 1200 s e t s  of data points f o r  I/0 53/33 l eve ls  were obtainedo 

These are plot ted by the  Calcomp P lo t t e r  i n  Figures 6,2 t o  6 ~ 9  and 621 

t o  6 2 7 .  

The outputs of the Threshold Test Fixture a r e  amplified by t h e  

auxi l ia ry  amplifiers;. The gain of these i s  adjustable i n  10 db s teps  by 

This increases the  dynamic range of t h e  measuring system, s39 
The auxi l ia ry  amplif iers '  ou"cputs a r e  mul-kiplied by t h e  Philbrick 

mult ipl ier .  

s t an t  of t h i s  LPF has two se t t i ngs ,  These a r e  4 seconds and 40 seconds* 

The latter is  necessary f o r  t he  case of random modulation and the  former 

i s  suf f ic ien t  fo r  most cases of sinusoidalmodpllation, Provision i s  made 

t o  make a f i n e  adjustment i n  t h e  output l eve l  to a i d  i n  nomalfzing the  

output s igna l  power f o r  t he  no input noise case. 

The muLtPplier output i s  l o w  pass f i l t e r e d ,  The time con- 
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APPEIIDIX F 

RANDOM MODULATION GENERATOR 

Appendix F i s  a description of t h e  Random Modulation Generator, 

Figure F , l i s  the  c i r c u i t  diagram of t h i s  device, 

of LPF amplifiers,  a mixer driver and a mixer, 

It consis ts  of a p a i r  

The amplifier on the  l e f t  has a LPF w i t h  a cutoff frequency of l,g 

KHz. It f i l t e r s  and amplifies the  random s igna l  from t h e  noise generator. 

The l e v e l  of t he  f i l t e r e d  noise i s  adjusted by an HP 350B at tenuator ,  

The attenuated s ignal  i s  mixed by a 1 KXz. gating s ignal  from t h e  

mixer driver, the  2 ~ 1 6 1 3 ~  

f i l tered and amplified t o  a maximum RMS l e v e l  of 3 IT. The spectrum of 

the  noise i s  shaped t o  the  desired modulation spectrum by the  Spectrum 

Analog F i l t e r  

The frequency t rans la ted  r e s u l t  i s  fur ther  

The only alignment i s  t h e  balancing of t he  two operational ampli- 

f i e r s  w i t h  the  potentiometers 

*% 
3 
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